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What is EIC ?
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➤ High luminosity  
(100-1000 times more than HERA) 

➤ Variable center of mass energies 20 -140 GeV 

➤ Beams with different A: from light nuclei 
(proton) to the heaviest nuclei (uranium) 

➤ Polarized electron and proton beams. 
Possibility of polarized light ions. 

➤ Up to two interaction regions 

1033 − 1034cm−2s−1

Capabilities of  EIC

EIC: Electron-Ion Collider facility that will be built 
at Brookhaven National Laboratory using and 
upgrading existing RHIC complex. 

Partnership between BNL and Jefferson Lab.
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Core physics program of the EIC
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How are the sea quarks and gluons, and their spins, distributed in 
space and momentum inside the nucleon?  How do the nucleon 
properties (mass & spin) emerge from 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?

How does a dense nuclear environment affect the quark- and 
gluon- distributions? 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?

QS: Matter of Definition and Frame (II)
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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?
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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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Deep Inelastic Scattering
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y =
p · q
p · k

s = (k + p)2 Q2 = �q2

x =
�q2

2p · q

electron-proton  
cms energy squared:

inelasticity Bjorken x: momentum fraction 
of struck quark

(minus) photon virtuality 
resolution power

DIS: Deep Inelastic e/p(A) scattering  

➤ Electromagnetic probe allows for very precise 
exploration of hadron structure: excellent microscope 

➤ Control over kinematics of the process 

Complementarity:
For full understanding of 
QCD and EW need to run 
various experiments with 
0,1,2 initial state hadrons

e+e-
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Global structure of nuclei
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➤ Precise measurement of nuclear structure functions 
for wide range of nuclei and wide kinematic range 

➤ Extraction of nuclear PDFs which are essential for 
understanding nuclear structure 

➤ Initial conditions for Quark-Gluon Plasma 

➤ Sys. uncertainties at most few %, stat. negligible 

➤ Proton, deuteron and wide range nuclei structure 
function within one facility: reduction of uncertainties

158 7.3. THE NUCLEUS: A LABORATORY FOR QCD
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Figure 7.67: Relative statistical and uncorrelated systematic uncertainties for inclusive cross
section measurements in 18x110 GeV e+A collisions expected at the EIC. Details of the sys-
tematic error estimate may be found in Section 8.1.

nPDFs via inclusive DIS

The DIS cross section can be expressed in terms of the structure functions F2 and
FL

s µ F2(x, Q2) � y2

1 + (1 � y)2 FL(x, Q2) . (7.37)

The former is mainly sensitive to the (anti-)quark content of the nucleon and dom-
inates the cross-section at high values of x. The latter, relevant in the unexplored
low x region, has a direct contribution from the gluon density [782]. The large Q2

lever arm of the EIC will allow us to precisely extract FL and further determine
the nuclear gluon PDF. Longitudinal and charm structure functions provide direct
access to the magnitude of nuclear effects on the gluon distribution [783].

The precision of the inclusive cross section measurements at the EIC at low values
of x (x < 10�2) and Q2 will significantly reduce the current theoretical uncertain-
ties. This is demonstrated in Fig. 7.68 which shows a comparison of the relative
uncertainties of three modern sets of nPDFs [26, 784, 785] in a gold nucleus (blue
bands) and their modification when including EIC DIS pseudodata in the fits (or-
ange bands). The overall effect is a significant reduction of the uncertainties in the
low-x region, where data is scarce or non-existent. The high-x, low Q2 region is
covered by fixed target experiments and will be further explored at CLAS.
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7.3.3 Nuclear PDFs

Nuclear parton distribution functions (nPDFs) describe the behaviour of bound
partons in the nuclear medium. Like free-proton PDFs they are assumed to be
universal and are extracted through fits to existing data. To date, there is no com-
pelling evidence of factorization breaking or violation of universality.

The theoretical interpretation of A+A and p+A data from the LHC and RHIC also
relies on precise knowledge of nPDFs. However, in contrast to the free-proton
PDFs, the determination of nPDFs is severely limited by both the kinematic cover-
age and the precision of the available data.

The realization of the EIC will provide key constraints on nPDFs. Fig. 7.66 shows
the significant broadening of the kinematic coverage for all nuclei available at the
EIC. Note that nPDFs sets make different selections and apply extra kinematic cuts
that further reduce the explored space. In contrast with previous experiments, the
systematic uncertainties of the e + A inclusive DIS cross section measurements at
the EIC will be at most a few %, as depicted in Fig. 7.67. Additionally, the statis-
tical uncertainties will be negligible for almost the whole x coverage, gaining pre-
dominance only at the largest values of x. This broad kinematic coverage, almost
doubling the one from existing data, will revolutionize our current understanding
of partonic distributions in nuclei.

Figure 7.66: Kinematic coverage of experimental data and EIC pseudo data used in nPDFs
fits. The coverage corresponds to all measured nuclei together. Each nPDFs set has extra
cuts that further reduce the explored space.

Yellow Report
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Global nuclear structure: structure functions
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FIG. 4. The reduced cross section (left) in e+Au collisions at EIC is plotted as a function of Q2 and x, the kinematic space
covered by currently available experimental data is marked on the plot by the the green area. The measured reduced cross
section points are shifted by �log10(x) for visibility. Two examples of the �r (right) at Q2 values of 4.4 GeV2 and 139 GeV2 are
plotted versus x, with the ratio between the widths of the experimental and theoretical uncertainties shown in the bottom panel.
In both plots the statistical and systematic uncertainties are added in quadrature and compared to the theory uncertainty (gray
bands) from CT14NLO+EPPS16. The overall 1.4% systematic uncertainty on the luminosity determination in not shown on
the plots. Points that correspond to di↵erent energy configurations are horizontally o↵set in Q2 for visibility.
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FIG. 5. Left: The distribution of the momentum of a decay K from cc̄ production events versus pseudo-rapidity. Right: The
vertex position of K in inclusive DIS (blue line) compared to cc̄ production events (red line).

significantly exceed 2%.

C. QED Corrections

Cross section measuremeants with a precission as an-
ticipated from an EIC need to account for all processes,
which could alter the relation of measured to true event

kinematics. The radiation of photons and the corre-
sponding virtual corrections (QED corrections) from the
incoming and outgoing lepton can cause significant e↵ects
on the reconstruction of the reduced cross-section. The
correction of these radiative e↵ects can be either done
through Monte-Carlo techniques or including the QED
e↵ects directly in the PDF analysis.

For neutral-current l + A scattering, there exists a
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FIG. 6. The reduced cross section (left) of cc̄ production in e+Au collisions at an EIC is plotted as a function of Q2 and x. The
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gauge-invariant classification into leptonic, hadronic and
interference contributions. The dominant correction
comes from the leptonic contribution, where the photons
are emitted collinear with the leptons and give rise to
large logarithmic terms / log(Q2/m2

`), where m` is the
lepton mass. In comparison to the case with no radia-
tion, the momentum carried by the radiated photons will
alter the values of x and Q2 measured from the scattered
lepton. Since the PDFs are typically very steep func-
tions of x, even small changes can lead to large variation
in the cross sections. Also the initial- and final-state
quarks may radiate photons giving rise to large logarith-
mic terms, which are nowadays often resummed to pho-
tonic component in the PDFs. However, these correc-
tions do not alter the event kinematics and are therefore
much smaller than the contributions coming from the ra-
diation o↵ the leptons.

The e↵ect of the QED radiation o↵ the incoming and
outgoing lepton can be quantified by a correction factor

RC =
�r(O(↵em))

�r(born)
� 1, (3)

where �r(born) and �r(O(↵em)) are the reduced cross
section at born-level and including the first-order radia-
tive corrections, respectively. To compute the above cor-
rection factors for �r and �cc̄

r for the EIC kinematics,
a sample of events were generated using the DJANGO
simulator [38]. The DJANGO Monte-Carlo generator
was recently expanded to simulate `+A collisions includ-

ing O(↵em) radiative e↵ects. The simulations show that
most of the radiative real photons have an energy much
below 1 GeV, as shown in Figure 7 (left). These radiative
photons are typically emitted at very rear angles (in the
electron going direction), see Figure 7 (right), and are
uniformly distributed in azimuthal angle.

γE
0 0.5 1 1.5 2 2.5 3 3.5 4

E
ve

n
ts

0

50

100

150

200

250

310×

Energy of radiative photon

 = 89.4 GeVse+Au - 

γ
φ

0 0.5 1 1.5 2 2.5 3

E
ve

n
ts

0

200

400

600

800

1000

1200

310×

Polar angle of radiative photon

 = 89.4 GeVse+Au - 

FIG. 7. The energy (left) and polar angle (right) distribution
of radiative photons emitted in e+Au collision events.

Figure 8 shows the radiative correction factor versus
the inelasticity, y, due to QED radiation in e+Au col-
lisions at

p
s = 89.4 GeV for di↵erent Q2 values, in

the case of inclusive (left plot) and charm (right plot)
reduced cross sections. These values are compatible with
earlier predictions [39]. In the photon-nucleon center-of-
mass frame, the maximum energy of the radiated photon,

Inclusive Charm 

➤ Precision measurements of the reduced cross section  
➤ Charm component in nuclei 
➤ Errors much smaller than the uncertainties of QCD predictions

Aschenauer, Fazio, Lamont, Paukkunen, Zurita
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Impact of EIC on nuclear PDFs
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Figure 7.68: Relative uncertainty bands for Au at Q2 = 1.69 GeV2 for u (first row), ū (sec-
ond row), s (third row) and gluon (lower row) for three different sets of nPDFs. The blue
and orange bands correspond to before and after including the EIC pseudodata in the fit,
respectively.

Probing nuclear gluons with heavy flavor production

Heavy flavor (HF) production is a powerful observable that will complement in-
clusive DIS measurements in determining nuclear modifications of the PDFs, in
particular for the gluon distribution. Recent results from ultraperipheral A + A
collisions [786,787,787–790] as well as HF and dijet production in p + Pb [791–793]
at the LHC support nuclear suppression with respect to the proton gluon at
x ⌧ 0.1 (shadowing). However, little is known about gluon enhancement (anti-
shadowing) at x ⇠ 0.1 or a possible suppression at x > 0.3 (“gluonic EMC effect”).
At the EIC it will be possible to obtain a direct constraint of the gluon density by
measuring HF pairs which at LO are produced through the photon–gluon fusion
process. This channel probes the gluon PDFs for x > axB, where a = 1 + 4m2

h/Q2

and mh is the heavy quark mass. This measurement will also permit the study of
different heavy quark mass schemes and constrain the intrinsic HF components in
the nPDFs [794].

The feasibility and impact of nuclear gluon measurements with HF production

Significant impact of EIC 
measurements on nuclear PDFs 

Au
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Nuclear modification in this framework: 
initial condition at low scales, linear evolution with scale 

Yellow Report
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at the EIC has been studied in dedicated efforts [26, 795, 796] by tagging, from
the simulated DIS sample, the K and/or p decay products from the D mesons
produced in the charm fragmentation. The reconstruction methods used in this
analysis [795] demonstrate the key role that particle identification (PID) will play.
It was shown that the charm reconstruction is significantly increased [797] when
PID capabilities are included.

In Ref. [26] a full fit using the EIC pseudodata for the inclusive (s) and the charm
cross-section (scharm) has found a significant impact on the reduction of the gluon
uncertainty band at high-x. This is illustrated in the left panel of Fig. 7.69, where
the blue band is the original EPPS16* fit, the green band incorporates s pseudo-
data and the orange one adds also scharm. A similar dedicated study using PDF
reweighting with structure function Fcharm

2A was done in [96]. In the right panel of
Fig. 7.69 the impact of Fe pseudodata on the EPPS16 NLO gluon density [25] is
shown by the red band. The charm pseudodata substantially reduces the uncer-
tainty at x > 0.1, providing sensitivity to the presence of a gluonic EMC effect.
Comparing the red band (only charm pseudodata) with the results of Fig. 7.68
one can see that the high-x region can be equally studied considering inclusive or
charm pseudodata. It is by combining both observables that a striking reduction
is achieved (orange band, left panel of Fig. 7.69). Moreover, the measurement will
be complemented by jet studies that have already shown promising constraining
power for gluons in p+Pb collisions [793].
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Figure 7.69: Left: Relative uncertainty bands of the gluon for Au at Q2 = 1.69 GeV2 for
EPPS16* (light blue), EPPS16*+EIC s (green) and EPPS16*+EIC scharm (orange). Right: same
as left panel but for Fe at Q2 = 2 GeV2 for EPPS16 (yellow) and EPPS16+EIC scharm (red).

Investigating the A dependence of nPDFs

The EIC will have the capability to operate with a large variety of ion beams from
protons to Pb in order to scrutinize the A-dependence of nuclear PDFs. The dif-
ferent nuclei used in the nPDFs fits are usually connected through parameters for

➤ Impact of charm cross section on 
the gluon PDF at high x 

➤ Charm is produced mainly in the 
photon-gluon fusion process 

➤ Further constraints: FL 
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aspect of this new accelerator complex is to match the
high performance of a collider with a specially designed
and built comprehensive DIS-specific detector in order
to control systematic e↵ects. The detector requirements
come directly from the broad EIC science case. Some of
the key capabilities such a detector must have are:

• Hermetic coverage in a wide pseudo-rapidity

range: ⇠ |⌘|  4

• Good scattered lepton identification and mo-

mentum resolution: in almost all cases, the DIS
kinematics (x and Q2) of the collision are most ac-
curately calculated from the scattered electron [28].
Therefore, in order to measure these quantities as
precisely as possible, an excellent particle identi-
fication as well as momentum, angular resolution
and good energy resolution at very backward ra-
pidities are required for the scattered lepton.

• Good hadronic particle identification: for
semi-inclusive measurements, one is also interested
in identifying the hadrons produced coincidently
with the scattered lepton in the collisions. There
are various techniques, which can be utilized to
identify protons, pions and kaons at di↵erent mo-
mentum intervals. At low momenta, these can
be identified through their specific ionization (or
dE/dx) in a time projection chamber (TPC). At
higher momenta, Cherenkov detectors are most
widely used.

• Good secondary vertex resolution: for mea-
surements which involve heavy quarks (charm, bot-
tom) a high resolution µ-vertex detector is essential
in order to reconstruct the displaced vertices of the
heavy-quark hadrons produced.

• High resolution and wide acceptance for-

ward instrumentation: a Roman-pot spectrom-
eter with almost 100% acceptance and a wide cov-
erage in scattered proton four-momentum is cru-
cial for studies of di↵ractive physics in e�+p and
e�+A collisions. Furthermore, for e�+A collisions,
a zero-degree calorimeter (ZDC) with su�cient ac-
ceptance is a key feature vetoing on the nucleus
break-up and determining the impact parameter of
the collision [29].

III. REDUCED CROSS SECTION AND
LONGITUDINAL STRUCTURE FUNCTION

The inclusive DIS process is a hard interaction between
a lepton and a nucleon, in which the latter breaks up,
the invariant mass of the hadronic final state being much
larger than the nucleon mass. This is depicted in the left
diagram of Figure 2. All the relevant kinematic variables
that describe the interaction are defined in Table I.

N, A
GN,A(x)

xg

c

x, Q2
e

eʹ

c

FIG. 2. Left : A depiction of inclusive DIS. Right : cc̄ produc-
tion through photon-gluon fusion.

TABLE I. Relevant kinematical variables in a DIS process.

Variable Description
⌘ pseudo-rapidity of particle
x fraction of the nucleon momentum

carried by the struck parton
y inelasticity, fraction of the lepton’s energy lost

in the nucleon rest frame.p
s center-of-mass energy

Q2 squared momentum transferred to the lepton,
equal to the virtuality of the exchanged photon
Note the relation Q2 ⇡ xys.

The direct observable used for constraining the nPDF
is the cross section (�), which is customarily expressed
as a dimensionless quantity known as “reduced” cross
section �r, defined as

�r ⌘

✓
d2�

dxdQ2

◆
xQ4

2⇡↵2
em[1 + (1� y)2]

, (1)

where ↵em is the QED fine-structure constant. At small
x, the reduced cross section can be approximately ex-
pressed in terms of the structure function F2 and the
longitudinal structure function FL as

�r = F2(x,Q
2)�

y2

1 + (1� y)2
FL(x,Q

2). (2)

While F2 is sensitive to the momentum distributions
of (anti)quarks, and to gluons mainly through scaling vi-
olations, FL has a larger direct contribution from gluons
[30]. In most of the kinematical space covered by the
old fixed-target DIS experiments, �r is dominated by F2,
to the extent that the older data were presented solely
in terms of F2, largely disregarding FL. Therefore the
information on FL and, consequently, the direct access
to the nuclear gluon are not currently available. At an
EIC, the high luminosity and wide kinematic reach will
enable the direct extraction of FL and thereby more in-
formation on the behaviour of the nuclear gluons can be
obtained. In addition, an EIC will o↵er possibilities to
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➤ Spin is fundamental property of particles. All 
elementary particles except Higgs carry non-zero spin. 

➤ Proton spin cannot be explained within static picture. 

➤ It depends on the intrinsic properties and interactions 
of quarks and gluons

<latexit sha1_base64="P7Hc1xx7pJXjM6LoO456P2G6pKU="></latexit>

1

2
=

1

2

Z 1

0
dx�⌃(x,Q2) +

Z 1

0
dx�G(x,Q2) +

Z 1

0
dx (

X

q

Lq + Lg)

quark spin gluon spin orbital  angular momentum

EIC kinematic plane vs current polarized data

➤ EIC extends range in (x,Q2) by 1-2 orders of magnitude for 
polarized measurements. 

➤ Possibilities for precision  measurement of structure 
function g1, gluon contribution to proton spin, quark 
contribution, strange quark contribution also accessible, 
polarized deuterons allow for measurement of g1 in a 
neutron
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2.2 The Longitudinal Spin of the Nucleon

Conveners: Ernst Sichtermann and Werner Vogelsang

2.2.1 Introduction

Deep-inelastic processes, when carried out with longitudinally polarized nucleons, probe the
helicity parton distribution functions of the nucleon. For each flavor f = u, d, s, ū, d̄, s̄, g

these are defined by
�f(x,Q2) ⌘ f

+(x,Q2) � f
�(x,Q2) , (2.6)

with f
+ (f�) denoting the number density of partons with the same (opposite) helicity as

the nucleons, as a function of the momentum fraction x and the resolution scale Q. Similar
to the unpolarized quark and gluon densities, the Q

2-dependences of �q(x,Q2), �q̄(x,Q2)
and the gluon helicity distribution �g(x,Q2) are related by QCD radiative processes that
are calculable [10, 11, 12, 13, 14, 15, 16].

When integrated over all momentum fractions and appropriately summed over flavors,
the �f distributions give the quark and gluon spin contributions Sq, Sg to the proton spin
which appear in the fundamental proton helicity sum rule [17, 18, 19, 20] (see [21] for a
brief review and additional references):

1

2
= Sq + Lq + Sg + Lg . (2.7)

Here, we have

Sq(Q
2) =

1

2

Z 1

0
�⌃(x,Q2)dx ⌘

1

2

Z 1

0

�
�u+�ū+�d+�d̄+�s+�s̄

�
(x,Q2)dx ,

Sg(Q
2) =

Z 1

0
�g(x,Q2)dx , (2.8)

where the factor 1/2 in the first equation is the spin of each quark and anti-quark. The �f

distributions are thus key ingredients to solving the proton spin problem.
As discussed in the Sidebar on page 19, experimental access to the �f in lepton-

scattering is obtained through the spin-dependent structure function g1(x,Q2), which ap-
pears in the polarization di↵erence of cross sections when the lepton and the nucleon collide
with their spins anti-aligned or aligned:

1

2


d2�

! 

dx dQ2
�

d2�
!!

dx dQ2

�
'

4⇡ ↵
2

Q4
y (2� y) g1(x,Q

2) . (2.9)

The expression above assumes photon exchange between the lepton and the nucleon. At
high energies, also W or Z exchange contribute and lead to additional structure functions.
These have thus far not been accessible in polarized deep-inelastic scattering experiments
and would be a unique opportunity at an EIC. We will briefly address them below.

In leading order in the strong coupling constant, the structure function g1(x,Q2) of the
proton can be written as (see the Sidebar on page 19)

g1(x,Q
2) =

1

2

X
e
2
q

⇥
�q(x,Q2) +�q̄(x,Q2)

⇤
, (2.10)

21
Sensitive to gluon contribution Δg 
at higher orders: drive the scaling 
violations. 

dg1(x,Q2)

d logQ2
⇠ �g
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Quark contribution: integral 
over of g1 over  x from 0 to 1 

Current uncertainties for g1 as a 
function of x for fixed Q2  

EIC projections leads to greatly reduced 
uncertainties
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and enhanced the parameter sampling strategy to guar-
antee that no significant bias is introduced in the region
constrained by the data, and that uniform probability
distributions are obtained in the unmeasured region.

The DSSV analyses [4, 10, 11] adopt the most tradi-
tional fitting approach at NLO accuracy assuming a flex-
ible functional form to parameterize the helicity PDFs
as functions of the parton momentum fraction x at an
initial scale of µ0 = 1GeV,

x�fi(x, µ0) = Ni x
↵i(1 � x)�i(1 + �i

p
x + ⌘ix

i) , (9)

where the label i denotes di↵erent flavor combinations
�u + �ū, �d + �d̄, �ū, �d̄, �s̄ ⌘ �s, and the gluon
density �g. As usual, �fi represents the di↵erence of
densities with parton spins aligned and anti-aligned with
the spin of the parent proton. The optimization of the
fit to data is carried out by varying the set of fit param-
eters {ai} = {Ni, ↵i, �i, �i, ⌘i, i} iteratively as long as
a minimum in the e↵ective �

2 function is reached. In
each iteration the PDFs are evolved to the scale µ > µ0

relevant in the experiment and used to compute the cor-
responding observables and the e↵ective �

2 function to
be minimized. Equivalently, Eq.(9) can be rewritten to

x�fi(x, µ0) =
3X

j=1

Nij x
↵ij (1 � x)�ij , (10)

specially suited for working in the Mellin representation
[29], since each term is the integrand of an Euler inte-
gral of the first kind, and the corresponding moments
are standard beta functions. Of course, some of the pa-
rameters in Eq.(10) are no longer independent. This pa-
rameterizations have been found to be flexible enough
to describe the DSSV14 data set in the sense that us-
ing more complex functional forms lead to equally good
fits to data and also to statistically equivalent replicas of
the data. Actually, the currently available data do not
even fully constrain the values for the fit parameters and
some restrictions on the parameter space have to be im-
posed, reducing them to typically five free paramenters
per flavor or even less in the case of antiquarks, such
that a unique and stable minimum in �

2 can be found.
In spite of this flexibility in the region supported by the
data, the values for the parameters that optimize the
fit to data, determine the extrapolation into the unmea-
sured region, mostly x < 0.001 and constrain artificially
the range of variation of the distributions. To avoid this
problem, additional terms in Eq.(10) are added. The new
parameters are chosen that they only modify the unmea-
sured low-x domain, but leave the region constrained by
the data una↵ected, but it is required that the integra-
bility of the parton densities and their convenient prop-
erties under mellin transformations are preserved. Dif-
ferent to Ref.[12], that focused mainly on studying the
already measured region x > 0.001 and only one of these
additional terms was included for the gluon helicity dis-
tribution, for the new replicas we allow three additional

low-x terms per flavor (j = 6), allowing roughly a sim-
ilar degree of flexibility in the so far unmeasured region
x < 0.001 as for the values of momentum fraction covered
by the present data. In this way we allow that even after
the addition of the extremely precise EIC pseudo data at
much lower values of x, the replicas are allowed to vary
in the new unmeasured region that is shifted about two
decades in x.

In the following section we present the results of the
new fit, and the corresponding replica set, obtained com-
bining the data set of the DSSV14 analysis with the in-
clusive DIS electron-proton pseudo-data at

p
s = 44.7

GeV. In order to assess the impact of the remaining EIC
pseudo data sets, such as the SIDIS measurements at
p

s = 44.7 GeV, and inclusive DIS electron-proton and
electron-helium at

p
s = 141.4 and

p
s = 115.2 GeV re-

spectively, we then reweight the newly produced set of
replicas. The outcome of these reweighting represents
the combined impact of the first stage of the EIC to-
gether with the SIDIS measurements, with a second en-
ergy stage and including the results of electron-helium
collisions, respectively.

IV. RESULTS

A. Impact of Deep Inelastic Scattering Data

Our results focusing on the impact of the inclusive
DIS measurements to the gluon helicity through the cor-
responding constraints on the spin dependent structure
function g1(x, Q

2) and its Q
2 dependence are described

in the following. The totally inclusive photon mediated
DIS cross section between longitudinally polarized lep-

DSSV 14

+EIC
p

s = 45 GeV

+EIC
p

s = 45 � 140 GeV

EIC 45 GeV

EIC 140 GeV

10�5 10�4 10�3 10�2 10�1 100

x

�14

�12

�10

�8

�6

�4

�2

0

g 1
(x

,Q
2
)

Q2 = 10 GeV2

FIG. 6: Helicity structure function g1(x, Q2) and its 68% C.L.
band as a function of x, at Q2 = 10 GeV, calculated with
the Monte Carlo variant of DSSV14. We include some the
pseudo-data points of g1 for the two c.m.s. energies and their
expected experimental uncertainties.

Borsa,  Lucero, Sassot, Aschenauer, Nunes
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DSSV 2014
90% C.L. Δg variations

EIC projections:

√s = 77.5  GeV
√s = 122.7 GeV
√s = 141.4 GeV

FIG. 2: [color online] Projected EIC data for the structure
function g1(x,Q

2) for the different combinations of electron
and proton energies in Tab. I. Constants are added to g1 to
separate the different x bins and multiple data points in the
same (x,Q2) bin are slightly displaced horizontally. The solid
lines are obtained for the optimum DSSV fit of 2014 [17] and
the shaded bands illustrate the 90% C.L. uncertainties due to
variations in the gluon helicity density. The shaded region in
the lower left corner illustrates the (x,Q2) region covered by
present fixed target data.

to cover significantly lower values of x from the very be-
ginning of operations.

Figure 2 illustrates our updated simulated data sets
for inclusive polarized DIS at an EIC for the three differ-
ent choices of c.m.s. energies listed in Tab. I. The solid
lines reflect the expectations from the best fit of DSSV
2014 [17] by extrapolating their results outside the exper-
imentally constrained x and Q2 range. The shaded bands
illustrate the uncertainty estimates corresponding to the
90% C.L. variations of∆g(x,Q2) given in Ref. [17], which
cover a very significant spread below about x ! 0.01;
see also Fig. 1 in Ref. [17]. The error bars for the EIC
pseudo-data were determined as described above and in
Ref. [8] and reflect the expected statistical accuracy for a
modest integrated luminosity of 10 fb−1, 70% beam po-
larization, and 50% efficiency in the data taking. We re-
call that all currently available polarized DIS data cover
only the lower left corner in Fig. 2 with the smallest x,

g 1(
x,

Q
2 )

x

DSSV 2014
Q2=10 GeV2

incl. 90% C.L. g1 variations

Q2=1 GeV2

Q2=100 GeV2

selected EIC projections:
        √s [GeV]          〈Q2〉
                               [GeV2]141.4  122.7  77.5
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FIG. 3: [color online] The polarized DIS structure function
g1(x,Q

2) at Q2 = 10GeV2 as a function of x computed with
the optimum DSSV 2014 helicity PDFs [17] (solid line). The
dotted curves represent alternative fits within 90% C.L. un-
certainties. The dashed and dot-dashed lines show the effects
of the scale evolution from Q2 = 1GeV2 to 100GeV2. The
points illustrate typical uncertainties and the kinematic reach
of projected EIC data for the three different c.m.s. energies
listed in Tab. I.

x ! 3.6 × 10−3, being reached by the recent COMPASS
data [30] for Q2 ! 1GeV2. As can be seen, in the kine-
matic region already covered well by present fixed target
data, x ! 0.01, the remaining uncertainties in g1(x,Q2)
are very small. For smaller x, the precision of the pro-
jected EIC data is significantly better than current un-
certainties and these measurements will be the decisive
factor in future global fits as we shall illustrate in the
next Section.
One notices the rather modest scaling violations

dg1(x,Q2)/d lnQ2 for the optimum DSSV 2014 fit
throughout the entire x and Q2 range shown in Fig. 2,
in particular, if compared to similar plots for the unpo-
larized DIS structure functions [29]. On the one hand,
this is due to the less singular scale evolution for helicity
PDFs at small x, and, on the other hand, there is also
a potential delicate cancellation with the quark helicity
PDFs, which, as ∆g itself, are not bound to be positive
definite and, in addition, can have different signs for dif-
ferent flavors. Therefore, alternative fits, like those for
∆g shown in Fig. 1, will all exhibit somewhat different
patterns of scaling violations than the optimum DSSV
2014 fit.
As we shall see next, our current ignorance of the small

x behavior of helicity quark densities also imposes a sig-
nificant uncertainty on expectations for g1(x,Q2) in the
EIC regime. In Fig. 3 we present the DIS structure func-

EIC projections over range of x and Q2 
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present data, in light cyan, and those that one would
expect from the projected EIC measurements. The diag-
onal lines represent the combinations of low and high x

contributions for which the resulting orbital angular mo-
mentum would be as large as the proton spin and parallel
to it, vanishing, or exactly opposite. The EIC data would
be able to discard at least one of these extreme scenarios,
and perhaps two of them.

B. Impact of Semi-Inclusive Deep Inelastic
Scattering Data

In the following we discuss the impact that the
EIC measurements of the semi-inclusive production of
charged pions and kaons in collisions between longitudi-
nally polarized electrons and protons will have in con-
straining helicity of quarks.

We restrict the analysis to transverse-momentum in-
tegrated final-state hadrons produced in the current-
fragmentation region. Even though the QCD frame-
work to describe transverse-momentumdependent final-
state hadron production is known at NLO accuracy [32]
as well as hadron production in the target fragmentation
region in terms of fracture functions [33, 34] in the un-
polarized case, the helicity dependent framework is still
in development.

As we have already shown in Sec. II B, that charged
pion and kaon SIDIS spin asymmetries have the potential
to pin down sea quark helicities, complementing inclusive
DIS measurements, that at least in the electromagnetic
case, are unable to disentangle quark and antiquark helic-
ities. Even though the NLO framework for longitudinally
polarized DIS processes mediated by weak vector bosons
is well known [31], it has not been explored yet, leav-

FIG. 12: The same as Fig.11, but in a common scale for com-
parison. The red curve represents the central values of the
truncated moments as a function of xmin, computed extrap-
olating the DSSV14 scenario.
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FIG. 13: Room left for potential orbital angular momentum
contributions to the proton spin according to present data
and future EIC measurements.

ing pion and kaon SIDIS as the main tools to probe sea
quark polarization as a function of the parton momen-
tum fraction. The EIC allows to extend the kinematical
reach of those measurements and improve dramatically
their precision.

In Fig. 14 we show the impact of the projected SIDIS
measurements on the sea quark helicity distributions.
The light cyan bands in the lefthand, center and right-
hand side panels represent the uncertainty estimates from
DSSV14 for �u, �d and �s, respectively at Q

2 = 10
GeV2. In the DSSV14 analysis, these distributions
are constrained by charged pion, kaon, and unidenti-
fied charged hadrons SIDIS data that reach down to
x = 5.2 10�3. In the case of strange quarks, the charge
conjugation symmetry assumption, �s = �s, together
with the hyperon semi-leptonic �-decay data on the full
moments, constrain further the helicity distribution. The
sky blue bands in Fig. 14 show the uncertainty estimated
by the Monte Carlo sampling variant of DSSV14 that in-
cludes also EIC inclusive DIS pseudodata at

p
s = 44.7

GeV. An inclusive DIS data set by itself would be unable
to constrain the sea-quark densities, however, combined
with the SIDIS data already present in the fit, improve
the determination in the region of overlap. This e↵ect is
milder for �u and �d, however in the case of the strange
quarks, the impact is much more noticeable, specially at
intermediate and large x. Remember that the charge con-
jugation symmetry assumption turns the strange quark
distribution e↵ectively into a �q + �q quantity for in-
clusive measurements. On the other hand, the increased
flexibility of the new replica set, bypass the hyperon de-
cay constraints at very small-x.

The results of reweighting the replicas with EIC SIDIS
pseudo-data at

p
s = 44.7 and

p
s = 141.4 GeV are

shown as royal blue and dark blue bands, respectively.
The reduction of the uncertainties driven by the inclu-

➤ Insight into quark and gluon 
contribution to proton spin.  

➤ By subtracting these contributions 
one can constrain the parton 
orbital angular momentum 
contribution Lq + Lg . 

Borsa,  Lucero, Sassot, Aschenauer, Nunes

Aschenauer, Sassot, Stratmann
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➤ Integrated PDFs provide only distribution of partons in the longitudinal momentum fraction 

➤ More detailed information : Wigner function

bT

kT
xp

W (x, bT , kT )
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Z
d2bT
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!  Cross sections with two-momentum scales observed: 
Q1 � Q2 ⇠ 1/R ⇠ ⇤QCD

" Hard scale:           localizes the probe  
                                      particle nature of  quarks/gluons 

Q1

"  “Soft” scale:         could be more sensitive to the  
                                      structure, e.g., confined motion 

Q2

Hadron’s 3D partonic structure 

!  Two-scale observables at the EIC: 

Parton’s confined motion  
encoded into TMDs   

SIDIS:  Q>>PT 

"  Semi-inclusive DIS: 

+ … 

"  Exclusive DIS: 

+ … 

DVCS: Q2 >> |t| 

Parton’s spatial imaging from Fourier 
transform of  GPDs’ t-dependence 

Z
d2kT
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Generalized Parton Densities (GPDs) from 
exclusive scattering, also spin dependent at EIC

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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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 2.21: 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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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 2.26: 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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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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dependent amplitudes 
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Figure 3.23: d�/dt distributions for exclusive J/ (left) and � (right) production in coherent and
incoherent events in di↵ractive e+Au collisions. Predictions from saturation and non-saturation
models are shown.

[209], an e+A event generator specialized
for di↵ractive exclusive vector meson produc-
tion based on the bSat [208] dipole model.
We limit the calculation to 1 < Q

2
< 10

GeV2 and x < 0.01 to stay within the va-
lidity range of saturation and non-saturation
models. The produced events were passed
through an experimental filter and scaled to
reflect an integrated luminosity of 10 fb�1/A.
The basic experimental cuts are listed in the
legends of the panels in Fig. 3.22. As ex-
pected, the di↵erence between the satura-
tion and non-saturation curves is small for
the smaller-sized J/ (< 20%), which is less
sensitive to saturation e↵ects, but is substan-
tial for the larger �, which is more sensitive
to the saturation region. In both cases, the
di↵erence is larger than the statistical errors.
In fact, the small errors for di↵ractive � pro-
duction indicate that this measurement can
already provide substantial insight into the
saturation mechanism after a few weeks of
EIC running. Although this measurement
could be already feasible at an EIC with
low collision energies, the saturation e↵ects
would be less pronounced due to the larger
values of x. For large Q

2, the two ratios
asymptotically approach unity.

As explained earlier in Sec. 3.2.1, coher-

ent di↵ractive events allow one to learn about
the shape and the degree of “blackness” of
the black disk: this enables one to study the
spatial distribution of gluons in the nucleus.
Exclusive vector meson production in di↵rac-
tive e+A collisions is the cleanest such pro-
cess, due to the low number of particles in the
final state. This would not only provide us
with further insight into saturation physics
but also constitute a highly important con-
tribution to heavy-ion physics by providing a
quantitative understanding of the initial con-
ditions of a heavy ion collision as described
in Sec. 3.4.2. It might even shed some light
on the role of glue and thus QCD in the nu-
clear structure of light nuclei (see Sec. 3.3).
As described above, in di↵ractive DIS, the
virtual photon interacts with the nucleus via
a color-neutral exchange, which is dominated
by two gluons at the lowest order. It is pre-
cisely this two gluon exchange which yields a
di↵ractive measurement of the gluon density
in a nucleus.

Experimentally the key to the spatial
gluon distribution is the measurement of the
d�/dt distribution. As follows from the op-
tical analogy presented in Sec. 3.2.1, the
Fourier-transform of (the square root of) this
distribution is the source distribution of the
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Figure 3.24: The Fourier transforms obtained in [201] from the distributions in Figure 3.23 for
J/ -mesons in the upper row and �-mesons in the lower row. The results from both saturation
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object probed, i.e., the dipole scattering am-
plitudeN(x, rT , bT ) on the nucleus with r

2
T ⇠

1/(Q2 + M
2
V ), where MV is the mass of

the vector meson [186] (see also the Sidebar
on page 42). Note that related studies can
be conducted in ultra-peripheral collisions of
nuclei, albeit with a limited kinematic reach.
This is discussed in section 3.4.2.

Figure 3.23 shows the d�/dt distribution
for J/ on the left and � mesons on the
right. The coherent distribution depends on
the shape of the source while the incoher-
ent distribution provides valuable informa-
tion on the fluctuations or “lumpiness” of
the source [199]. As discussed above, we
are able to distinguish both by detecting the
neutrons emitted by the nuclear breakup in
the incoherent case. Again, we compare to
predictions of saturation and non-saturation
models. Just as for the previous figures, the
curves were generated with the Sartre event
generator and had to pass through an ex-
perimental filter. The experimental cuts are
listed in the figures.

As the J/ is smaller than the �, one

sees little di↵erence between the saturation
and no-saturation scenarios for exclusive J/ 
production but a pronounced e↵ect for the
�, as expected. For the former, the statisti-
cal errors after the 3rd minimum become ex-
cessively large requiring substantially more
than the simulated integrated luminosity of
10 fb�1/A. The situation is more favorable
for the �, where enough statistics up to the
4th minimum are available. The ⇢ meson has
even higher rates and is also quite sensitive
to saturation e↵ects. However, it su↵ers cur-
rently from large theoretical uncertainties in
the knowledge of its wave-function, making
calculations less reliable.

The coherent distributions in Figure 3.23
can be used to obtain information about
the gluon distribution in impact parame-
ter space F (b) through a two-dimensional
Fourier transform of the square root of the
coherent elastic cross section [186, 201]

F (b) =

1Z

0

dq q

2⇡
J0(q b)

r
d�coherent

dt
(3.13)
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➤ Coherent: characteristic ‘dips’ in t-distribution. Sensitive to 
average geometry. Fourier transform: density profile 

➤ Position of dips depends on density profile, non-linear effects, 
correlations 

➤ Incoherent cross section provides information about lumpiness 
of the source (fluctuations) 

➤ Separation experimentally very challenging 
➤ Prospects for this process with deuteron and light ions:  

probing shadowing in a more controlled environment, separate 
double,  triple scattering; spectator tagging on deuteron allows 
to study SRC and role of gluons
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Passage of color charges through cold nuclear matter
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➤ Modern theories of QCD in matter (such as SCETG and NRQCDG) have enabled novel understanding of parton 
showers on matter. Capabilities to calculate higher order and resumed calculations in reactions with nuclei  

➤ EIC will provide important input on hadronization mechanism in eA 
➤ Different scenarios: parton evolution in medium or hadron absorption

20

● Low energy: hadronization 
inside → formation time, (pre-)
hadronic absorption,...

● LHeC: dynamics of QCD radiation and hadronization.
● Most relevant for particle production off nuclei and for QGP 
analysis in HIC.

Radiation and hadronization:

∼ ratio of FFs A/p
● High energy: partonic evolution 
altered in the nuclear medium.

Physics at low xBj and in eA: 2. Highlights.
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196 7.4. UNDERSTANDING HADRONIZATION

Figure 7.91: Ratio of the distributions in Fig.7.90 to vacuum FFs from DEHSS [919, 920].

In medium evolution for light and heavy flavor mesons

The effect of nuclear environment on hadronization is one of the key questions
that the EIC will investigate. Fixed-target HERMES measurements with electron
beam of energy Ebeam = 27.6 GeV [815, 816] have clearly established attenuation
of light particle production. Different theoretical approaches have been proposed
to explain the data that differ in the underlying assumptions and in the extracted
transport properties of large nuclei [805, 806, 817, 818, 985–987]. With better under-
standing of in-medium parton showers, the traditional energy loss phenomenol-
ogy can be generalized to full fragmentation function evolution in the presence of
nuclear matter. It is given by:

d
d ln µ2 D̃h/i (x, µ) = Â

j

Z 1

x

dz
z

D̃h/j
⇣x

z
, µ

⌘ ⇣
Pji (z, as (µ)) + Pmed

ji (z, µ)
⌘

, (7.51)

where in Eq. (7.51) Pmed
ji are the medium corrections to the splitting functions. In

addition to precision light flavor studies, the higher enter-of-mass energies at the
EIC provide new probes of hadronization - open heavy meson cross sections in
e+p and e+A collisions [988].

In contrast to light hadrons, the modification of open heavy flavor in DIS reactions
with nuclei, such as the one for D0 mesons and B0 mesons shown in Fig. 7.92,
is much more closely related to the details of hadronization. To investigate the
nuclear medium effects, we study the ratio of the cross sections in electron-gold
(e+Au) collision to the one in e+p collision. We use the cross section of inclusive
jet production for normalization that minimizes the effect of nuclear PDFs.

Rh
eA(pT, h, z) =

Nh(pT, h, z)
Ninc(pT, h)

���
e+Au

,
Nh(pT, h, z)
Ninc(pT, h)

���
e+p

. (7.52)

Parton energy loss and in-medium fragmentation function modification
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fragmentation fraction z  

Constrain the space-time picture of hadronization.  

Differentiate energy loss and hadron absorption 
models (based on ability to measure heavy flavors) 

Lower energy beams better for this process 
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Jets as probes of cold nuclear matter
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Jets emerged as a premier diagnostic tool for hot nuclear matter at RHIC and LHC 
Also excellent probes for cold nuclear matter. Using jets, elucidate the properties of in-medium parton showers. 
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charge at the EIC can be written as

hQeA
,qi =hQep

,qi exp

Z µ

µ0

dµ0

µ0
↵s(µ0)

2⇡2
(2⇡µ02)f̃med

q!qg(, µ
0)

�

⇥

⇣
1 + J̃

med
qq � Jmed

q

⌘
+O(↵2

s) . (6)

Here, the exponential term comes from the
medium-modified DGLAP evolution from µ0 ⇡ ⇤QCD to

the jet scale and f̃med
q!qg(, µ) =

R 1
0 dx (x

�1) fmed
q!qg(x, µ).

Finally, from the second line of Eq. (6) we have explicitly

J̃
med
qq � Jmed

q =
↵s(µ)

⇡

Z 1

0
dx (x

� 1)

⇥

Z 2Ex(1�x) tanR/2

0
d2k?f

med
q!qg (x,k?) . (7)

Numerical Results.— In the calculations that follow
we use the CT14nlo PDF sets [50] for the proton and
the nCTEQ15FullNuc PDF sets [41] for the nucleus, as
provided by Lhapdf6 [51]. Consistent with Ref. [25],
we fix the nominal transport coe�cient of cold nuclear
matter hk2?i/�g = 0.12 GeV2/fm, consider a gold
(Au) nucleus, and average over the nuclear geometry.
The in-medium shower corrections induced by the
interactions between the final-state parton and the
nucleus vary with the parton energy in the nuclear
rest frame, where the lower energy partons receive
larger medium corrections. Therefore, we focus on jet
production in the forward rapidity region 2 < ⌘ < 4,
where the measurement is still possible but the jet energy
is lower in the nuclear rest frame. For the inclusive
jet cross section, we include all partonic channels and
the resolved photon contribution. Our results in e+p
collisions are consistent with the ones from Ref. [15].

Nuclear e↵ects on reconstructed jets in
electron-nucleus collisions can be studied through
the ratio

ReA(R) =
1

A

R ⌘2
⌘1 d�/d⌘dpT |e+A
R ⌘2
⌘1 d�/d⌘dpT

��
e+p

. (8)

The jet calculations correspond to the anti-kT algorithm
and as a first example we choose a radius parameter
R =0.5. The uncertainties of ReA are calculated
by varying the scale settings in the numerator and
denominator simultaneously, i.e. in a correlated way as it
minimizes the variation due to the overall normalization
of cross sections. In Fig. 1 bands correspond to scale
uncertainties from varying the factorization scale and
the jet scale by a factor of two independently. For jet
rapidity ⌘ = 2 at leading order, when the jet transverse
momentum is in the range [5,25] GeV, the Bjorken-x
varies from [0.09, 0.43] corresponding to the so-called
anti-shadowing and EMC regions of nuclear PDFs. As
a result, there is an enhancement for small pT due to
anti-shadowing and a suppression for large pT due to
the EMC e↵ect, which is shown by the blue band in the
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FIG. 1: Modifications of the inclusive jet cross section in
18 ⇥ 275 GeV e+Au collisions for the rapidity interval
2 < ⌘ < 4. In the upper panel, the blue and green bands
represent contributions from initial-state PDFs and final-state
interaction between the jet and cold nuclear matter, while the
red band is the full result. The lower panel shows the full ReA

for two di↵erent nPDF sets.

upper panel of Fig. 1. The green band represents the
final-state e↵ects, which give rise to 10 - 20% suppression
when pT ⇠ 5 GeV. They are smaller for larger jet energy
as expected, and going to backward rapidities further
reduces the e↵ect of medium-induced parton showers.
The predicted full ReA(R = 0.5) for 18 GeV (e) ⇥ 275
GeV (A) collisions is given by the red band. To illustrate
the impact of a di↵erent nPDF choice, we show in the
lower panel of Fig. 1 a comparison between the ReA

computed with the nCTEQ15 [41] and EPPS16 [52] sets.
We find that the di↵erence in cross sections is less than
5% 1. The measurements of jet modification in the future
will improve our understanding of strong interactions
inside nuclei and nuclear PDFs at moderate and large
Bjorken-x.

To study cold nuclear matter transport properties with
jets at the EIC, it is essential to reduce the role of nPDFs
and enhance the e↵ects due to final-state interactions.
An e�cient strategy is to measure the ratio of the
modifications with di↵erent jet radii, ReA(R)/ReA(R =
1), as for jets with the same kinematics initial-state
e↵ects in e+A reactions will cancel. This is also an
observable very sensitive to the details of in-medium
branching processes [1] and greatly discriminating with
respect to theoretical models [37]. Furthermore, it is

1
Other uncertainties can arise from Monte Carlo replicas within

the same PDF set or variation in the transport properties of

nuclear matter.
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FIG. 2: Ratio of jet cross section modifications for di↵erent
radii ReA(R)/ReA(R = 1.0) in 10 ⇥ 100 GeV (upper) and
18 ⇥ 275 GeV (lower) e+Au collisions, where the smaller jet
radius is R=0.3, 0.5, and 0.8, and the jet rapidity interval is
2 < ⌘ < 4.

very beneficial to explore smaller center-of-mass energies
where the final-state e↵ects are expected to be larger even
though the cross section is smaller. Such measurements
will take advantage of the high-luminosity design of the
future facility. Our predictions for the ratio of jet cross
section suppressions for di↵erent radii at the EIC is
presented in Fig. 2, where the upper and lower panels
correspond to results for 10 GeV (e) ⇥ 100 GeV (A) and
18 GeV (e) ⇥ 275 GeV (A) collisions, respectively. The
plot in the upper panel is truncated around pT ⇠ 20 GeV
because of phase space constraints in the lower energy
collisions.

By comparing the 18 GeV ⇥ 275 GeV e+Au
collision results to the ones in Fig. 1 we see that
ReA(R)/ReA(R = 1) indeed eliminates initial-state
e↵ects. To underscore this point, in addition to using
the nCTEQ15 nPDF set [41], we evaluated the double
ratio with the EPPS16 [52] parameterization and found
that the results are indistinguishable. The red, blue,
and green bands denote ratios with R = 0.3 , 0.5 , 0.8,
respectively. Since medium-induced parton showers are
broader than the ones in the vacuum, for smaller jet
radii the suppression from final-state interactions is more
significant. Even though the scale uncertainties also
grow, the nuclear e↵ect is very clear and its magnitude is
further significantly enhanced by the steeper pT spectra
at lower

p
s.

For jet substructure, Fig. 3 presents our jet charge
results at the EIC in 18 GeV ⇥ 275 GeV e+Au collision
and for radius parameter R = 0.5. The red, blue
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FIG. 3: Modifications of the jet charge in e+Au collisions.
The upper panel is the modification for up-quark jet with
⌘ = 3 in the lab frame. The lower panel is the results for
inclusive jet with 2 < ⌘ < 4 in 18 ⇥ 275 GeV e+Au collisions.

and green bands correspond to the jet charge parameter
 = 0.3 , 1.0 , 2.0, see Eq. (2), respectively. The upper
panel shows the modification for the average charge of
up-quark initialed jets, where the rapidity is fixed to
be ⌘ = 3. It is defined as hQeA

,qi/hQ
ep
,qi and predicted

by Eq. (6), which is independent of the jet flavor and
originates purely from final-state interactions. Flavor
separation for jets has been accomplished at the LHC [53]
and should be pursued at the EIC. For a larger , the
( + 1)-th Mellin moment of the splitting function is
more sensitive to soft-gluon emission in that it a↵ects
the z ⇠ 1 region in the splitting function where medium
enhancement for soft-gluon radiation is the largest. As
shown in the upper panel of Fig. 3, the modification is
more significant for larger . The overall corrections are
of order 10% or smaller and decrease with increasing pT .
The modification of the average charge for inclusive jets
behaves very di↵erently because there is a cancellation
between contributions from jets initiated by di↵erent
flavor partons, in particular from up quarks and down
quarks. The lower panel of Fig. 3 shows the ratio of
average charges for inclusive jets with R = 0.5 and
2 < ⌘ < 4 for e+A and e+p collisions. The modification
is about 30% and the  dependence is small due to the
large di↵erence between up/down quark density between
proton and gold PDFs. Precision measurement of the
charge for inclusive jets will be an excellent way to
constrain isospin e↵ects and the up/down quark PDFs
in the nucleus.

Conclusions.— In summary, we presented a pioneering

➤ IS (large and small ) vs FS (small 
) contributions to nuclear ratio 

➤ Small nPDF effects 
➤ Ratios with different jet cone allow 

to separate parton shower effects

pT
pT

➤ Pioneer jet substructure studies with heavy quark initiated jets performed  in a EIC regime very different from 
the one probed in heavy ion collisions 

➤ Pave the way to a qualitatively new level of understanding of  the role of heavy quark mass

Li, Vitev 

Li, Liu, Vitev 
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(a) F2 (b) FL

FIG. 4. The F2 (a) and FL (b) structure functions for
197

Au as a function of x at Q2
= 10Q2

s(x). The black dashed curve

shows the BK predictions, the red dashed-dotted curve with the red error band the original NNPDF3.1 PDF predictions, and

the blue solid curve with a light-blue errorband the PDF predictions after the matching.

(a) F2 (b) FL

FIG. 5. Relative di↵erence (FBK
2,L � FRew

2,L )/FBK
2,L between the BK structure functions and the matched F2 (a) and FL (b) for

197
Au as a function of x and Q2

. The color scale/axis goes in a linear scale from �10% to 10% and in a logarithmic scale

outside that range. The black dots indicate the matching points.

PDFs are fitted to the same HERA data that is used to
constrain the BK boundary conditions. Whether F2 or
FL is used in reweighting has only a small e↵ect on the
determined reweighted PDFs. Thus, we do not expect
to see strong tensions when measurements from the EIC
or LHeC/FCC-he are eventually used to disentangle the
BK and DGLAP dynamics.

The reweighted nuclear up-quark and gluon distribu-
tions are shown in Figs. 8a and 8b. Comparing to the
proton results shown in Figs. 7a and 7b we see that nu-
clear PDFs are a↵ected much more by the reweighting
already in the x . 10�3 region, which is expected, as in

nNNPDF2.0 there are only few data constraints in this
region. The reweighted nuclear PDFs are suppressed by
a large factor compared to the central values from the
nNNPDF2.0 set. Again both F2 and FL pseudodata have
similar e↵ects and as such no strong tensions with al-
ready existing data included in the nuclear PDF fits are
expected in global analyses. In Fig. 8a the nuclear gluon
distribution, reweighted with F2 data, becomes negative
at small x . 2 · 10�5 and at Q2 = 3.1 GeV2. However,
the gluon distribution is not an observable, and structure
functions remain positive.

Heavy nucleus: difference between DGLAP and nonlinear  are few % for  and up to 20% for . 

Longitudinal structure function can provide good sensitivity at EIC 

FA
2 FA

L

Study differences in evolution between  linear DGLAP evolution and nonlinear evolution with saturation 
Matching of both approaches in the region where saturation effects expected to be small 
Quantify differences away from the matching region: differences in evolution dynamics

6

(a) F2 (b) FL

FIG. 3. The relative di↵erence (FBK
2,L � FRew

2,L )/FBK
2,L between the BK predictions and the matched PDF predictions for F2 (a)

and FL (b) for proton shown as a function of Q2
for four di↵erent x values.

III. RESULTS

A. Proton

The structure functions F2 and FL for the proton be-
fore and after the reweighting on the Q2 = 10Q2

s(x) line
are shown in Figs. 1a and 1b. The reweighting is done
separately for F2 and FL, as also in reality these two
quantities will be measured in di↵erent kinematical do-
mains and with a di↵erent experimental precision. The
structure functions obtained after the reweighting can be
seen to match very well to the BK results. This was to be
expected since the proton PDFs and the initial condition
for the BK evolution are fitted to the same precise HERA
data at x & 10�4, and the central NNPDF3.1 results are
already very close to the BK values to begin with in this
domain. However, a nearly perfect agreement with the
BK results is obtained also at x . 10�4. All in all, the
matching procedure is thus found to work extremely well
here.

Next we study how the di↵erences in the BK vs.
DGLAP dynamics become visible when we move away
from the Q2

⇡ 10Q2
s(x) line. In Figs. 2a and 2b we show

the relative di↵erence

FBK
2,L � FRew

2,L

FBK
2,L

(13)

as a function of both x and Q2, where FRew
2,L refers to

the corresponding structure function calculated using the
reweighted PDFs. The points used in the reweighting are
also indicated in these figures. One-dimensional projec-
tions of the same quantity are plotted at fixed values of
x in Fig. 3.

For the F2 structure function shown in Fig. 2a the dif-
ferences remain very small, at most at a few-percent level

almost everywhere in the studied x,Q2 range, except in
the high-x, high Q2 and low-x, low Q2 corners. This
is better visible in Fig. 3a where we show the relative
di↵erences as a function of virtuality Q2 at four di↵er-
ent x values from x = 5.6 ⇥ 10�3 (largest x for which
Q2 = 10Q2

s(x) � Q2
0, where Q2

0 is the initial scale in
the NNPDF3.1 PDF set) to x = 10�5. The smallest x
values in our plots are beyond reach for the EIC, which
will collide electrons with energies 5 � 18 GeV on pro-
tons and nuclei with energies 250 and 100 GeV/nucleon
respectively, resulting in a kinematic reach (at Q2 = 10
GeV2) down to x ⇠ 10�3 [33]. Smaller x values could
be probed at the LHeC (50 GeV electrons on Z/A ⇥ 7
TeV/nucleon protons and nuclei) whose kinematic reach
goes down to x ⇠ 10�5 [35] and at the FCC-he [14] (60
GeV electrons on Z/A⇥50 TeV/nucleon protons and nu-
clei) whose kinematic coverage extends to even lower x.
We see that around x ⇠ 10�4 the Q2 dependencies are
nearly equal in both frameworks. In the higher-x region
the BK equation predicts a stronger Q2 dependence than
the DGLAP equation, while in the x . 10�4 region the
BK dynamics results with a weaker Q2 dependence than
what the DGLAP equation predicts. As a result, at fixed
Q2

⇠ 10 GeV2 the relative di↵erence changes sign as a
function of x. Since the relative di↵erences remain at a
few-percent level, a very precise determination of the pro-
ton F2 is required in order to distinguish between the two
physical pictures in a statistically meaningful manner.

The di↵erences between the BK and DGLAP dynam-
ics are more clearly visible in the case of the structure
function FL. This can be seen from Fig. 2b and Fig. 3b
which show the analogous plots for FL that were above
discussed for F2. There are now larger di↵erences even
within the HERA kinematics as the FL data from HERA
are rather scarce. The DGLAP evolved FL shows gener-

Armesto, Lappi,Mantysaari,PaukkunenmTevio
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Azimuthal (de)correlations of two hadrons (dijets) in DIS in eA: direct test of the Weizsacker -Williams 
unintegrated gluon distribution 

3

pfragT Transverse momentum with respect to jet direction from hadronization
Qs Saturation scale

The rest of this article is organized as follows: in
Sec. II, we discuss the theoretical framework used for
the prediction of saturation effects in the dihadron cor-
relation measurement. A brief comparison of dihadron
correlations in e+A versus p+A is provided in Sec. III. In
Sec. IV, we give an overview of the planned EIC project
and present simulation results for dihadron correlations
at an EIC. Finally, we summarize and conclude in Sec. V.

II. DIHADRON CORRELATIONS IN THE
SATURATION FORMALISM

According to the effective small-x kt factorization es-
tablished in Ref. [29], which is briefly summarized above,
the back-to-back correlation limit of the dihadron pro-
duction cross section can be used to directly probe the
WW gluon distribution xG(1)(x, q⊥). As a comparison,
the hadron production in semi-inclusive deep inelastic
scattering (SIDIS), as shown in Ref. [31], is related to
the so-called dipole gluon distributions xG(2)(x, q⊥).

The coincidence probability C(∆φ) = Npair(∆φ)
Ntrig

is a

commonly exploited observable in dihadron correlation

studies, in which Npair(∆φ) is the yield of the correlated
trigger and associate particle pairs, while Ntrig is the
trigger particle yield. This correlation function C(∆φ)
depends on the azimuthal angle difference ∆φ between
the trigger and associate particles. In terms of theoretical
calculation, the correlation function is defined as

C(∆φ) = 1
dσ

γ∗+A→h1+X
SIDIS

dzh1

dσ
γ∗+A→h1+h2+X
tot

dzh1dzh2d∆φ . (1)

Let us consider a process of a virtual photon scatter-
ing on a dense nuclear target producing two final state
back-to-back qq̄ jets: γ∗ + A → q(k1) + q̄(k2) + X , in
which k1 and k2 are the four momenta of the two outgoing
quarks. This process is the dominant one in the low-x re-
gion, since the gluon distribution is much larger than the
quark distributions inside a hadron at high energy. The
back-to-back correlation limit indicates that the trans-
verse momentum imbalance is much smaller than each
individual momentum: q⊥ = |k1⊥ + k2⊥| " P⊥, with
P⊥ defined as (k1⊥ − k2⊥)/2. At leading order (LO), the
dihadron total cross section, which includes both the lon-
gitudinal and transverse contributions, can be written as
follows [29]:

dσγ∗+A→h1+h2+X
tot

dzh1dzh2d2ph1⊥d2ph2⊥
=C

∫ 1−zh2

zh1
dzq

zq(1−zq)
z2
h2z

2
h1

d2p1⊥d2p2⊥F(xg, q⊥)Htot(zq, k1⊥, k2⊥) (2)

×
∑

q e
2
qDq(

zh1

zq
, p1⊥)Dq̄(

zh2

1−zq
, p2⊥),

where C = S⊥Ncαem

2π2 gives the normalization factor, with
S⊥ being the transverse area of the target, zq is the longi-
tudinal momentum fraction of the produced quark with
respect to the incoming virtual photon, Htot is the com-
bined hard factor, k1⊥ and k2⊥ are the transverse mo-
menta of the two quarks, while ph1⊥ and ph2⊥ are the
transverse momenta of the two corresponding produced
hadrons respectively. F(xg, q⊥) comes from the relevant
WW gluon distribution xG(1)(xg, q⊥) evaluated with the
gauge links for a large nucleus at small x by using the
McLerran-Venugopalan model [12],

F(xg, q⊥) =
1

2π2

∫

d2r⊥e
−iq⊥r⊥

1

r2⊥
[1− exp(−

1

4
r2⊥Q

2
s)],

(3)

in which xg = zqp
2
h1⊥

z2
h1s

+ (1−zq)p
2
h2⊥

z2
h2s

+ Q2

s is the longi-

tudinal momentum fraction of the small-x gluon with
respect to the target hadron and Qs is the gluon satura-
tion scale. Dq(

zh
zq
, p⊥) represents the transverse momen-

tum dependent fragmentation functions, where p⊥ shows
the additional transverse momentum introduced by frag-

mentation processes. There can be more sophisticated
model description of the WW gluon distribution, which
involves a numerical solution to the BK type evolution
for the WW gluon distribution [34, 35]. But studying the
impact of these PDFs is beyond the scope of this work
presented here.

In principle, the so-called linearly polarised gluon dis-
tribution [32, 33] also contributes to the dihadron cor-
relation and can be systematically taken into account.
This part of the contribution comes from an averaged
quantum interference between a scattering amplitude and
a complex conjugate amplitude with active gluons lin-
early polarized in two orthogonal directions in the az-
imuthal plane. Numerical calculation shows that this
contribution is negligible for dihadron back-to-back cor-
relations. Also, this type of contribution vanishes when
the dihadron correlation function is averaged over the
azimuthal angle of the trigger particle.

As to the single-inclusive-hadron production cross sec-
tion, which enters the denominator of the definition of the
correlation function C(∆φ), it can be calculated from the

➤ Clear differences between the ep and eA: suppression 
of the correlation peak in eA due to saturation effects 
(including the Sudakov resummation)

➤ Further observables:  azimuthal correlations of 
dihadrons/dijets in diffraction, photon+jet/dijet. 

➤ Possibility to test various CGC correlators

k2

PA

PB

k1

· · ·

FIG. 1. Schematic diagrams for two-particle production in a dilute system scattering on a dense
target with multiple scattering. The imbalance between the two-particle in transverse momentum

can be used to probe the unintegrated gluon distribution of the dense target.

widely used in the literature. The first gluon distribution, which is known as the Weizsäcker-
Williams (WW) gluon distribution, is calculated from the correlator of two classical gluon
fields of relativistic hadrons (non-abelian Weizsäcker-Williams fields) [10, 13]. The WW
gluon distribution has a clear physical interpretation as the number density of gluons inside
the hadron in light-cone gauge, but is not used to compute cross sections. On the other hand,
the second gluon distribution, which is defined as the Fourier transform of the color dipole
cross section, does not have a clear partonic interpretation, but it is the one appearing
in most of the kt-factorized formulae found in the literature for single-inclusive particle
production in pA collisions [11].

It was a long-standing question what is fundamentally different between these two gluon
distributions, and whether there is any observable sensitive to the WW distribution [14].
The objective of this paper is to answer these questions and show that these two gluon
distributions are the fundamental building blocks of all the TMD gluon distributions at
small x. Eventually, this leads us to an effective TMD-factorization for dijet production, in
the collision of a dilute probe with a dense target. We find that, in the small momentum
imbalance limit described below, the dijet production process in DIS can provide direct
measurements of the WW gluon distribution and the photon-jet correlations measurement
in pA collisions can access the dipole gluon distribution directly. In addition, other more
complicated dijet production processes in pA collisions will involve both of these gluon
distributions through convolution in transverse momentum space, when the large-Nc limit
is taken.

A short summary of our study has been published in Ref. [15]. Here we present the
detailed derivations, and the precise equivalence between the TMD and CGC approaches,
in the overlapping domain of validity, i.e. to leading power of the hard scale and in the
small x limit. In general, the TMD factorization is valid whatever x is but is a leading-twist
approach, while the CGC is applicable only at small x but contains all the power correc-
tions. Since the main objective of this paper is to understand dijet production processes
theoretically, we will put the phenomenological studies in a future work.

We focus on the two particle production (or dijet production at higher energy) in the
case of a dilute system scattering on a dense target, as illustrated in Fig. 1,

B + A → H1(k1) +H2(k2) +X , (1)

3

150 7.3. THE NUCLEUS: A LABORATORY FOR QCD
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Figure 7.63: Comparison between the dihadron azimuthal angle correlation in e+Au col-
lisions (labeled with filled red circles) and that in e + p collisions (labeled with filled teal
squares). The results with the detector smearing are shown in open markers. The solid lines
represent the results obtained from the theoretical model calculations in the CGC formalism.

link structure of the WW gluon distribution, and calculations within the CGC for-
malism, it has been proposed [537, 740] that the DIS back-to-back dijet/dihadron
production at the EIC can be used to directly probe the WW distribution, which
has not been measured before.

To directly probe the WW gluon distribution and gluon saturation effects at low
x, we can measure the azimuthal angle difference (Df) between two back-to-
back charged hadrons in e+A collisions (e+A ! e0h1h2X). This azimuthal angle
distribution can help us map the transverse momentum dependence of the in-
coming gluon distribution. The away-side peak of the dihadron azimuthal an-
gle correlation is dominated by the back-to-back dijets produced in hard scatter-
ings. Due to the saturation effect, the WW gluon TMD can provide additional
transverse momentum broadening to the back-to-back correlation and cause the
disappearance of the away-side peak when the saturation effect is overwhelm-
ing [537, 741]. A comparison of the heights and widths of the coincidence proba-
bilities C(Df) = Npair(Df)/Ntrig in e + p and e+A collisions will be a clear experi-
mental signature for the onset of the saturation effect.

Furthermore, following the prescriptions in Ref. [742], a Monte Carlo simulation
has been carried out for the azimuthal angle correlations of two charged hadrons
at

p
s = 90 GeV in e+pand e+Aucollisions. The results of the simulation are also

compared with the prediction from the saturation formalism. To focus on the low-x
region, the events within the range of the virtuality 1 < Q2 < 2 GeV2 and inelas-
ticity 0.6 < y < 0.8 are selected. Events in nearby Q2 and y bins are expected
to yield similar results. The hadron pairs are required to have an energy fraction
0.2 < ztrig, zassc < 0.4 within the pseudorapidity range |h| < 3.5 with ptrig

T > 2

Yellow Report
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➤ Extraction of nuclear diffractive parton distributions 
would be possible for the first time 

➤ Diffractive to inclusive ratio and  the ratio of diffraction in 
nuclei to that in protons are sensitive probes to 
different models

e-Au   EAu/A = 100 GeV,  Ee = 21 GeV,  L = 2 fb-1
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Figure 7.64: Left: Ratio of nuclear to proton diffractive structure functions, scaled by A, at
x = 10�3 (also referred to as xP) as a function of b from dipole model calculations (Fig. 7
from Ref. [769]). Right: ratios of nuclear to proton diffractive parton distributions, scaled
by A, for sea quarks and gluons at the same x (i.e. xP) from the Leading Twist Shadowing
model (Fig. 72 from Ref. [285]).

.

coherent diffration in e+p, and the latter to proton dissociation in e+p.

Coherent diffraction is mostly sensitive to the nuclear radius and global nuclear
profile and structure, while incoherent diffraction is sensitive to nucleon degrees
of freedom, specifically to nucleon and subnucleon fluctuations, see e.g. Refs. [767,
768] for reviews and Subsection 7.3.9.

All of these cases are characterized by a rapidity gap between the target fragments
and the photon fragment system. While detecting experimentally whether the nu-
cleus has disintegrated or not might be challenging, the overall rapidity gap cross
section that includes both coherent and incoherent processes should be more eas-
ily measurable. In spite of the presence of more physically different sources of
fluctuations in nuclei than in protons (fluctuating positions of the nucleons in the
nucleus in addition to subnucleonic fluctuations), coherent diffraction is a larger
part of the diffractive cross section in e+A than in e+p. This is due both to the fact
that coherent diffraction grows parametrically as A4/3 with the atomic mass num-
ber, and to the fact that nuclei are closer to the black disk limit, where there are no
fluctuations and thus no incoherent processes.

Diffraction is generically more sensitive to gluon saturation than inclusive cross
sections, since the diffractive cross section is proportional to the square of the gluon
density. In hard diffraction, for instance, one should be able to distinguish predic-
tions based on the strong field effects of BK (or hard pomeron based approaches
in general) from the soft pomeron physics associated with confinement [770]. The
ratio of the (coherent) diffractive cross section integrated over t and some range
MX < Mmax to the inclusive cross section is, in the dipole picture used in the sat-
uration context, very generically enhanced in nuclei compared to protons, since in
nuclei the dipole-target scattering amplitude at a fixed impact parameter is larger
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Figure 7.64: Left: Ratio of nuclear to proton diffractive structure functions, scaled by A, at
x = 10�3 (also referred to as xP) as a function of b from dipole model calculations (Fig. 7
from Ref. [769]). Right: ratios of nuclear to proton diffractive parton distributions, scaled
by A, for sea quarks and gluons at the same x (i.e. xP) from the Leading Twist Shadowing
model (Fig. 72 from Ref. [285]).

.

coherent diffration in e+p, and the latter to proton dissociation in e+p.

Coherent diffraction is mostly sensitive to the nuclear radius and global nuclear
profile and structure, while incoherent diffraction is sensitive to nucleon degrees
of freedom, specifically to nucleon and subnucleon fluctuations, see e.g. Refs. [767,
768] for reviews and Subsection 7.3.9.

All of these cases are characterized by a rapidity gap between the target fragments
and the photon fragment system. While detecting experimentally whether the nu-
cleus has disintegrated or not might be challenging, the overall rapidity gap cross
section that includes both coherent and incoherent processes should be more eas-
ily measurable. In spite of the presence of more physically different sources of
fluctuations in nuclei than in protons (fluctuating positions of the nucleons in the
nucleus in addition to subnucleonic fluctuations), coherent diffraction is a larger
part of the diffractive cross section in e+A than in e+p. This is due both to the fact
that coherent diffraction grows parametrically as A4/3 with the atomic mass num-
ber, and to the fact that nuclei are closer to the black disk limit, where there are no
fluctuations and thus no incoherent processes.

Diffraction is generically more sensitive to gluon saturation than inclusive cross
sections, since the diffractive cross section is proportional to the square of the gluon
density. In hard diffraction, for instance, one should be able to distinguish predic-
tions based on the strong field effects of BK (or hard pomeron based approaches
in general) from the soft pomeron physics associated with confinement [770]. The
ratio of the (coherent) diffractive cross section integrated over t and some range
MX < Mmax to the inclusive cross section is, in the dipole picture used in the sat-
uration context, very generically enhanced in nuclei compared to protons, since in
nuclei the dipole-target scattering amplitude at a fixed impact parameter is larger

Nuclear ratio in saturation model: enhancement

Nuclear ratio in LT shadowing : suppression

Yellow Report

method of extraction of FD
L as well as the choices of beam energies. Results are presented in

Sec. 4, first for the reduced cross section �D(3)
red and then for FD(3)

L . We then proceed to dis-
cuss the influence of the systematic error assumed in the pseudodata and the assumptions on

the beam configurations. Results for RD(3) = FD(3)
L /FD(3)

T are also presented. We end with
conclusions in Sec. 5.

2 Definitions and kinematics

2.1 Di↵ractive variables and definitions

In this work we focus on neutral current di↵ractive deep inelastic scattering (DDIS) in the
one photon exchange approximation, neglecting radiative corrections whose contribution can be
corrected. For an electron or positron with four momentum l and a proton with four-momentum
P , the diagram is shown in Fig. 1. A characteristic feature of the di↵ractive process, as illustrated
in Fig. 1, is the presence of the rapidity gap between the final proton (or its dissociated state)
Y and the system X. It is mediated by the colourless object, indicated by P/R, to which we
refer generally as ‘di↵ractive exchange’.

}

}

l
l'

P P'

(ξ)

(β)

(Q2)

(t)

q

e
e'

γ∗

P/R

p

X

Y

Figure 1: Diagram showing the neutral current di↵ractive DIS process and the relevant kinematic
variables in the one photon exchange approximation.

In DDIS several variables can be defined in terms of the four-momenta indicated in Fig. 1 and

3

Diffraction: characterized by the rapidity gap 
Interpretation : need colorless exchange 

What is the nature of this exchange? 
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Diffraction in ep/eA
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Sec. 4, first for the reduced cross section �D(3)
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L . We then proceed to dis-
cuss the influence of the systematic error assumed in the pseudodata and the assumptions on

the beam configurations. Results for RD(3) = FD(3)
L /FD(3)

T are also presented. We end with
conclusions in Sec. 5.

2 Definitions and kinematics

2.1 Di↵ractive variables and definitions

In this work we focus on neutral current di↵ractive deep inelastic scattering (DDIS) in the
one photon exchange approximation, neglecting radiative corrections whose contribution can be
corrected. For an electron or positron with four momentum l and a proton with four-momentum
P , the diagram is shown in Fig. 1. A characteristic feature of the di↵ractive process, as illustrated
in Fig. 1, is the presence of the rapidity gap between the final proton (or its dissociated state)
Y and the system X. It is mediated by the colourless object, indicated by P/R, to which we
refer generally as ‘di↵ractive exchange’.
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Figure 1: Diagram showing the neutral current di↵ractive DIS process and the relevant kinematic
variables in the one photon exchange approximation.

In DDIS several variables can be defined in terms of the four-momenta indicated in Fig. 1 and

3

gluon quark

EIC can reveal the 
details of the colorless 
exchange
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Extraction of  from HERA and EICαs
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Comparison to other αs(M 2
Z) results

0.115 0.12 0.125 0.13
)
Z
2(Msα

Hadron Colliders
Category Averages PDG 2022
HERA Data
Lattice Average FLAG 2021
World Average PDG 2022
HERA and EIC Data

 0.0003±      
 0.0004±      
 0.0009±0.1179 
 0.0008±0.1184 
 0.0031±0.1156 
 0.0030±0.1166 
 0.0018±0.1138 
 0.0028±0.1208 
 0.0031±0.1171 
 0.0020±0.1162 
 0.0037±0.1181 
 0.0019±0.1178 
 0.0034±0.1177 
 0.0016±0.1188 
 0.0019±0.1170 
 0.0021±0.1185 

HERA and EIC Inclusive Data
HERA Incl + Jet and EIC Incl Data
World Average
Lattice Average
H1 and ZEUS Inclusive + Jet Data
H1 Inclusive Jet/Dijet Data 
ZEUS Inclusive Jet Data (Prel.)
Electroweak Fit

 Jets and Shapes- e+e
PDF Fits

 Bound StatesQQ
 Decaysτ
 Inclusivett

W, Z Inclusive
CMS Jets
ATLAS ATEEC

With using only inclusive DIS data from HERA and EIC, we are able to
determine the αs(M2

Z) with potentially world-leading precision in a
simultaneous fit of PDFs and αs(M2

Z) at NNLO.
28 Jul, 2023 ePIC Collaboration Meeting 2023 6/12

HERA inclusive (or inclusive + jets) + EIC 
inclusive data allows for determination of  
with unprecedented precision : 

αs
≤ 0.3 %

Motivation
Physics scopes of HERA and EIC differ but have significant overlap.

Inclusive DIS cross sections will be measured to high precision in a phase space region
that will be complementary to HERA.

The strong coupling, αs, is the least well constrained.
Essential ingredient of SM cross section calculations, as well as constraints on new
physics and grand unification scenarios.

Inclusive DIS cross section is sensitive to αs through F2 and FL.
d2σ

dxdQ2 = 2πα2

xQ4 [Y+F2(x,Q2) − y2FL(x,Q2) ∓ Y−xF3(x,Q2)]
HERA and EIC kinematic phase-space

10
-1

1

10

10 2

10 3

10 4

10 -6 10 -5 10 -4 10 -3 10 -2 10 -1 1
x

Q
2

HERA inclusive data

EIC 141 GeV

EIC 105 GeV

EIC 63 GeV

EIC 45 GeV

EIC 29 GeV

28 Jul, 2023 ePIC Collaboration Meeting 2023 2/12

QCD fits with EIC inclusive and HERA inclusive+jet data
A simultaneous NNLO fit is performed to extract the PDFs and αs(M2

Z) from
HERA inclusive and jet data and EIC inclusive data.

HERA inclusive + jet data, NNLO: (EPJC82(2022)243)

αs(M2
Z) = 0.1156 ± 0.0011 (exp)+0.0001−0.0002 (model + param) ± 0.0029 (scale)

HERA inclusive and jets + EIC inclusive
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EIC inclusive data and HERA inclusive + jet data,
NNLO:

αs(M2
Z) = 0.1161 ± 0.0003 (exp)± 0.0001(model + param) +0.0002−0.0001 (scale)

28 Jul, 2023 ePIC Collaboration Meeting 2023 4/12

➤ Inclusive DIS cross section sensitive to  
➤ Need to know with high precision,  essential for 

SM calculations, and for constraints on BSM  
➤ EIC complementary to HERA

αs

αs

Cerci, Demiroglu, Deshpande, 
Newman, Schmookler, Cerci, 
Wichmann
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Machine design and parameters
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➤ Hadron storage ring (HSR): 41-275 GeV (based on 
RHIC) 
up to 1160 bunches, 1A beam current (3x RHIC) 
bright vertical beam emittance (1.5 nm)
strong cooling (coherent electron cooling, ERL)

➤ Electron storage ring (ESR): 2.5–18 GeV (new)
up to 1160 polarized bunches
high polarization by continual reinjection from RCS
large beam current (2.5 A) ! 9 MW SR power
superconducting RF cavities

➤ Rapid cycling synchrotron (RCS): 0.4-18 GeV (new)
2 bunches at 1 Hz; spin transparent due to high periodicity

➤ High luminosity interaction region(s) (new)
L = 1034 cm-2s-1

superconducting magnets
25 mrad crossing angle with crab cavities
spin rotators (produce longitudinal spin at IP)
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Detector: ePIC
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19EICUG annual meeting, July 25-26, 2023 ePIC Collaboration (J. Lajoie, S. Dalla Torre)

ePIC, an extended detector

Total size detector: ~75m

Central detector: ~10m

Far Backward electron detection:   ~35m

Far Forward hadron spectrometer: ~40m

Auxiliary detectors needed to tag particles with 

very small scattering angles both in the outgoing 

lepton and hadron beam direction 

(B0-Taggers, Off-momentum taggers, Roman 

Pots, Zero-degree Calorimeter  and low Q2-

tagger). 

Barrel

Central 
Detector  (CD)

Slide from S. Dalla Torre talk at EICUG
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Timeline

25

EIC Project History and Plans 

4

CD-0, Mission Need Approved December 2019
DOE Site Selection Announced January 2020
CD-1, Alternative Selection and Cost Range, Approved June 2021
CD-3A, Long Lead Procurement January 2024
CD-2/3, Performance Baseline/Construction Start April 2025
RHIC Shut Down June 2025

EIC Project History and Plans 

4
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DOE Site Selection Announced January 2020
CD-1, Alternative Selection and Cost Range, Approved June 2021
CD-3A, Long Lead Procurement January 2024
CD-2/3, Performance Baseline/Construction Start April 2025
RHIC Shut Down June 2025
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EIC Users Group
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1411 members 

879 experimentalists 

359 theorists 

158 accelerator scientists 

9 computer scientists 

4 support 

2 other 

283 institutions 

37 countries 

Status as of September 3, 2023
https://www.eicug.org/index.html

The Electron-Ion Collider User Group (EICUG) is an international affiliation of 
scientists dedicated to developing and promoting the scientific, technological, and 
educational goals and motivations for a new high energy Electron-Ion Collider.

https://www.bnl.gov/eic/
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EIC Users Group
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EIC is international at its core 

Over 60% institutions are outside US 

Last annual meeting: July 25-31, 2023, Warsaw, Poland 

Strong community and still growing !

EIC members by country EIC institutions by country

39%

30%

26%

Status as of September 3, 2023
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Summary

28

Electron Ion Collider : high energy, high luminosity, polarized, electron-proton 
and electron-ion collider, funded by DoE, will be built in this decade and start 
operating in 2030’s 

➤ Precision tool which will address most profound unanswered questions in QCD 

➤ One of the most challenging and versatile accelerator complexes ever built 

➤ EIC is a project with strong international engagement 

➤ ePIC collaboration: 1st detector collaboration formed 

➤ 2nd detector: under consideration, needs additional funding  

Please join and contribute! Everybody is welcome: engineers, designers, technicians, 
administrators, theorists, experimentalists, accelerator physicists… 

Especially early career scientists: postdocs, undergraduate and graduate students…

Special thanks to Elke Aschenauer and Abhay Deshpande for help with preparation of this presentation!


