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Driving Fundamental Questions in e+A

• What is the fundamental quark-gluon 
structure of light and heavy nuclei?
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Nucleus is:
⎧ 
⎨ 
⎩

Object of 
Interest

‣ Quark & gluon distribution in nuclei (nPDF, 
nTMD, nGPD) 
‣ Source of nuclear modification? 
‣ Short range forces in nuclei: Can they be 

described in terms of the quark and gluon 
degrees of freedom? 
‣ Impact: High-Temperature QCD, Nuclear 

Structure



• Can we experimentally find and explore a 
novel regime in QCD of weakly coupled high 
density matter?  

• What is the role of saturated strong gluon 
fields, and what are the degrees of freedom 
in this strongly interacting regime?
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‣ Gluon saturation, QSA(x) ~ QS(x)·A⅓ 
‣ Color Glass Condensate 
‣ New evolution equations (JIMWLK, BK) 
‣ Universality?
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Nucleus is:
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Object of 
Interest

• Can the nuclear color filter provide novel 
insight into propagation, attenuation and 
hadronization of colored probes?

‣ Energy loss in cold nuclear matter 
‣ Fragmentation Functions
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Electron-Ion Collider Initiatives

• World-wide interest in e+A collisions 
• All future collider include e+A in their planning 

‣ typically up to heaviest nuclei
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HERA@DESY LHeC@CERN HIAF@CAS ENC@GSI JLEIC@JLab eRHIC@BNL

√s (GeV) 320 800-1300 12-65 14 20-64 32-140

Proton xmin 1×10-5 5×10-7 3×10-4 5×10-3 3×10-4 5×10-5

Ions p p … Pb p … U p … Ca p … Pb p … U

L (cm-2s-1) 2×1031 ~1034 ~1032-35 ~1032 ~1033-35 ~1033-34

IRs 2 1 1 1 2+ 2+

Year 1992-2007 post ALICE > 2020 Fair Upgrade post 12 GeV post RHIC

Past Future

High-Energy Physics Nuclear Physics



Landscape of e+A Physics
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Measurements with A 
eA/μA DIS (E-139, E-665, EMC, NMC) 
JLAB-12
νA DIS (CCFR, CDHSW, CHORUS, NuTeV)
DY (E772, E866)
DY (E906)
Hermes

≥ 56 (Fe):

perturbative
non-perturbative
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Nucleus as Analyzer: 
• Hadronization (Color Neutralization) 
• E-loss (Color Propagation) 
• Color Transparency 
• pT-Broadening (Fluctuations) 
• Jets



Landscape of e+A Physics
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Large Q2, large ν

Q2
s,quark Au, b=0
Au, median b

Ca, median b
p, median b
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Large Q2, large ν
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Terra Incognita: 
• Gluon Saturation/Strong 

Color Fields 
• Strongly correlated non-

linear QCD 
• What is the right effective 

theory (CGC, …)?
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Large Q2, large ν
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Requirements 
• reach to lower-x ⇒ get into 

the region where gluons and 
sea quarks dominate 

• large Q2 lever arm ⇒ needed 
for comparison and 
verification of evolution 
equations



Pqq(x)
p xp

Pqg(x)
p xp

Pgq(x)
p

xp

Pgg(x)
p xp

Lowest order QCD splitting function

Key Topic in e+A: Gluon Saturation
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Explosion of gluon density ⇒ violates unitarity

QCD evolution drives the gluon 
distribution rising at small-x



Key Topic in e+A: Gluon Saturation
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splitting

recombination

New Approach: Non-Linear Evolution 
• BFKL→BK: Recombination compensates gluon splitting  
• Saturation of gluon densities characterized by scale Qs(x)  
• New evolution equations at low-x (JIMWLK) 
• Effective theory: Color Glass Condensate

αs <<  1

αs ~ 1

Q2
s(x)

saturation

ln x
ln

 Q
2

non-perturbative region

?

pQCD  
evolution  
equation

DGLAP

BFKL



Nuclear Oomph: Gluon Saturation in e+A 
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Enhancement of QS with A: 
saturation regime reached at 
significantly lower energy in 
nuclei (and lower cost)
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Eur.Phys.J. A52 (2016), 268



Diffraction for the 21st Century

!7

p/A stays intact
coherent incoherent

p/A breaks up

e

W2

t

X  (MX)

q

or 

γ*(Q2)

β

Largest rapidity 
gap in event

breakup of A

e′

P′,p′
p, P

xIP
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Y  (MY)
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⎪
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t: momentum transfer  
 squared 
MX: mass of diffractive  
final-state

HERA: σdiff/σtot ~ 14% • High sensitivity to gluon density:  
σ~[g(x,Q2)]2 due to color-neutral 
exchange (e.g. in exc. VM prod.)  

• Only known process in e+A 
where spatial gluon distributions 
can be extracted (relevant for HI)

Diffraction is most precise probe of non-linear dynamics in QCD  
Will be major component of any e+A program



σdiffractive/σtotal

• HERA observed: ~14% of 
all events are diffractive 

• Saturation models (CGC) 
predict up to σdiff/σtot ~ 25% 
in eA  

• Ratio enhanced for small 
MX and suppressed for 
large MX 

• Standard QCD predicts no 
MX dependence and a 
moderate suppression due 
to shadowing.

!8

Unambiguous signature for 
reaching the saturation limit
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σdiffractive/σtotal

• HERA observed: ~14% of 
all events are diffractive 

• Saturation models (CGC) 
predict up to σdiff/σtot ~ 25% 
in eA  

• Ratio enhanced for small 
MX and suppressed for 
large MX 

• Standard QCD predicts no 
MX dependence and a 
moderate suppression due 
to shadowing.
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Unambiguous signature for 
reaching the saturation limit

Observing these Mx dependencies  
over wide range in x and Q2 is crucial!

Sign Change:

γ∗ V = J/ ψ,φ, ρ

p p′

z

1 − z

r⃗

b⃗

(1 − z)r⃗

x x′

qq̄, qq̄g, . . .

arXiv:1708.01527



Q2 and A Scaling of Diffractive VM Production 
• Saturation models predict very special and strong 

dependencies in A  and Q2 that are different above and 
below Q2S
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• Q2 > Q2S   
‣ σ ~ 1/Q6 
‣ σ(t=0) ~ A2 
‣ σ ~ A4/3 

• Q2 < Q2S   
‣ σ ~ Q2 
‣ σ(t=0) ~ A4/3 ↔ A5/3 
‣ σ ~ A2/3 ↔ A

• Non-Saturation scenarios do not show this behavior 
making A, Q2 dependencies a key measurement
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FIG. 2: Demonstration of the Q6 scaling at t = 0 for ⇢ pro-
duction. The exclusive ⇢ meson cross-section multiplied by
Q6 flattens out at large Q2.

Thus the exclusive ⇢ cross-section (both the total and its
value at t = 0) has the Q

2 scaling

� ⇠ |A|2 ⇠ 1

Q6
. (9)

This dependence of the cross-section on Q
2 is shown in

Fig. 2. The cross-section has an approximate Q
�6 de-

pendence for Q
2
> 10 GeV2. This figure combines the

anticipated scaling at large Q
2 with Q

2 and A.
Note that xP = 0.01 corresponds to a rapidity gap be-

tween the vector meson and the nucleus of approximately
three units in rapidity. At this xP, the EIC kinematical
reach with

p
sNN = 90 GeV is up to Q

2 ⇡ 80 GeV2 (up
to Q

2 ⇡ 70 in case of J/ production).

III. RESULTS FOR LOW Q2 : Q2 < Q2
s,A

If we are deep within the saturation region (Q2
s,A �

Q
2), the di↵ractive amplitude would read

A ⇠
Z

d
2
b d

2
r ⇤ ⇥ 1 . (10)

The “1” is because the exponential in the dipole cross-
section does not contribute for large Q

2
s,A.

The Q
2 and A dependence of the Eq. 10 depends then

on what sets the scale for the dipole radius and how that
influences the overlap of wave functions. We expect that
the dipole cross-section becomes independent of r for r �
1/Qs ⇠ A

�1/6. The overlap of wave functions in Eq. 10
is then

Z
drr ⇤ ⇠

Z
drr QK0("r) . (11)
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FIG. 3: Demonstration that the coherent cross-section for
longitudinal ⇢ production at t = 0 scales like Q2 at low Q:
the cross section is flat at low Q2 when scaled by Q�2. The A
scaling is the numerical observation A5/3 ⇡ 1.61, which does
not hold exactly as we are not at su�ciently high A.

If Q ⌧ mq ⇠ 0.1 GeV (for ⇢), we get

Q

Z
drrK0(mqr) ⇡ Q

Z 1/mq

1/Qs

drrK0(mqr) . (12)

We will employ the identity

Z 1

c
dxxK0(x) = [1 � K1(1)] +

1

2
c
2 ln c2

+
1

4
(�1 + �E � 2 ln 2)c2 +O(c3) , (13)

where c = mq/Qs (or another small number of the order
of Q/Q

2
s,MV /Q

2
s in this limit of low Q

2). The constant
term dominates at low c! Thus,

Z
drrK0(mqr) = Q

Z 1/mq

1/Qs

drrK0(mqr)

⇠ Q ⇥ const +Q ⇥ O(mq/Q
2
s,MV /Q

2
s, Q

2
/Q

2
s). (14)

It is reasonable to anticipate that the nonperturbative
scale is r . 1/MV . E↵ectively that sets the upper limit to
1/MV , and thus c = MV /Qs. (Our argument is stronger
if we choose an even smaller nonperturbative scale as a
cuto↵ for the dipole radius.)
Since the constant dominates, the only Q dependence

we are left with is the overall Q scale from the virtual
photon to dipole amplitude. Hence the exclusive vector
meson cross-section goes as d�/dt ⇠ Q

2 for Q
2
s,A > Q

2.
This is demonstrated in Fig. 3, where the coherent ⇢

production cross section at t = 0 is shown as a function
of Q2, scaled with Q

�2. The flattening of the obtained
cross section at low Q

2 demonstrates the Q
2 scaling.
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Q2 and A Scaling of Diffractive VM Production 
• Saturation models predict very special and strong 

dependencies in A  and Q2 that are different above and 
below Q2S
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• Q2 > Q2S   
‣ σ ~ 1/Q6 
‣ σ(t=0) ~ A2 
‣ σ ~ A4/3 

• Q2 < Q2S   
‣ σ ~ Q2 
‣ σ(t=0) ~ A4/3 ↔ A5/3 
‣ σ ~ A2/3 ↔ A

• Non-Saturation scenarios do not show this behavior 
making A, Q2 dependencies a key measurement

Notes: The dramatic e↵ect of saturation on the A and Q2 scaling in exclusive vector
meson production in e + A collisions.

H. Mäntysaari and R. Venugopalan

I. INTRO

We will discuss here theQ2 and A dependence of vector
meson production in e+A collisions within the framework
of saturation models. These models predict very specific
(and strong) dependencies in the A and Q

2 scaling of the
exclusive cross-section for Q2

> Q
2
S that are qualitatively

di↵erent from those for Q2
< Q

2
S .

Formulae used here for the coherent cross-section can
for instance be found in [1]; expressions for the vector
meson wave-functions can be found in [2].

Some of the model dependencies can be mitigated by
looking at ratios of exclusive vector meson cross-sections
in di↵erent nuclei. Alternately, one can take ratios of the
cross-sections in central e+A collisions relative to those
in peripheral collisions [3]. As discussed in that refer-
ence, the multiplicity of protons in roman pot detectors
provides a measure of centrality.

II. RESULTS FOR HIGH Q2 : Q2 > Q2
s,A.

The exclusive vector meson production amplitude at
t = 0 has the structure

A ⇠
Z

d2rd2b ⇤
�⇤!qq̄ qq̄!VM(r,Q)

⇥
⇣
1 � e

�2⇡BpATA(b)N(r)
⌘
, (1)

where

N(r) = 1 � e
�r2Q2

s,p , (2)

and the nuclear transverse density profile TA is normal-
ized as

R
d2bTA(b) = 1.

A. A scaling

In the dilute (“pQCD”) region of Q2
s,A < Q

2, we can
expand all exponents and get

A ⇠
Z

d2rd2b ⇤ r2Q2
s,A (3)

where Q
2
s,A = Q

2
s,pATA(b) ⇠ A

1/3. Performing the b

integral, one gets another factor of A2/3 from the area,
giving

A ⇠ A

Z
d2r ⇤ r2 . (4)

10�1 100 101 102 103 104

Q2[GeV2]

0.6

0.7

0.8

0.9

1.0

1.1

A
�

2.
0

1
d�

A
1
/d

t�
A

�
2.

0
2

d�
A

2
/d

t
(t

=
0)

� L , A = 197/A = 56

xP = 0.01

FIG. 1: Demonstration of the A2 scaling at t = 0 for ⇢ pro-
duction. On the y-axis is plotted the ratio of the A2 normal-
ized ratio of the cross-sections for Gold over Iron. The figure
demonstrates that A2 scaling is seen for Q2 = 103 GeV2,
though it is within 5% already for Q2 = 102 GeV2.

The coherent cross-section at t = 0 then goes as

�(t = 0) ⇠ A
2
. (5)

This scaling is demonstrated in Fig. 1.
The width of the coherent peak is tmax ⇠ 1/R2

A ⇠
A

�2/3; therefore, the total exclusive vector meson cross-
section (integrated over t) scales like

� ⇠ A
2
A

�2/3 = A
4/3

. (6)

B. Q2 scaling

For a given choice of vector meson wave function (lon-
gitudinal Gauss-LC), the overlap of this wave function
with the photon wave function has the dependence

 ⇤ ⇠ QK0("r) , (7)

with " =
q

Q2z(1 � z) +m2
q ⇡ Q for Q

2 � Q
2
s. Thus,

the Bessel function sets r ⇠ 1/Q, and the Q
2 scaling

becomes

A ⇠
Z

dr r r2QK0(Qr) ⇠ Q
1

Q4
⇠ 1

Q3
. (8)

Mantysaari and Venugopalan, arxiv:1712.02508

t = 0 
A2 scaling



EIC: Spatial Gluon Distribution from dσ/dt
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Diffractive vector meson production: e + Au → eʹ + Auʹ + J/ψ, φ, ρ

• Momentum transfer t = |pAu-pAuʹ|2 conjugate to bT 
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p(Kdecay) > 1 GeV/c
δt/t = 5%
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EIC: Spatial Gluon Distribution from dσ/dt
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Diffractive vector meson production: e + Au → eʹ + Auʹ + J/ψ, φ, ρ
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EIC: Spatial Gluon Distribution from dσ/dt
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Diffractive vector meson production: e + Au → eʹ + Auʹ + J/ψ, φ, ρ

~

t =  Δ2/(1-x) ≈ Δ2
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EIC: Spatial Gluon Distribution from dσ/dt
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Diffractive vector meson production: e + Au → eʹ + Auʹ + J/ψ, φ, ρ

~

t =  Δ2/(1-x) ≈ Δ2
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• Momentum transfer t = |pAu-pAuʹ|2 conjugate to bT 

• Converges to input F(b) rapidly: |t| < 0.1 almost enough 
• Provides constraints on nuclear GPDs



LHeC: Diffractive vector meson production

• Detecting incoherent diffraction is experimental challenge in 
e+A affecting detector and IR design 

• Need suppression of > 1000 for |t| > 0.2 GeV2
!11

eA: diffractive

29

● Elastic VM:
saturation, nGPDs,
sensitivity to hot 
spots and 
fluctuations.
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Importance of Incoherent Diffraction
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• Incoherent CS is the variance of 
the amplitude ⇒ measure of 
fluctuation of the source G(x, Q2, b) 

• Important for understanding of 
A+A, p+A correlations/shape 
fluctuations  

• Note: Incoherent contribution 
disappears in black disk limit (see 
talk by H. Mäntysaari)
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Example from ep:

H. Mäntysaari, 
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PRL 117 (2016) 052301



Nuclear PDFs
nPDFs less well known due to lack of data
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e+A: Aim at extending our knowledge on structure functions into 
the realm where gluon saturation (higher twist) effects emerge  
⇒ different evolution (JIMWLK)

Theory/models have to be 
able to describe the structure 
functions and their evolution 
• DGLAP:  

‣ predicts Q2 but not A 
and x dependence  

• Saturation models (JIMWLK):  
‣ predict A and x 

dependence but not Q2 
• Need: large Q2 lever-arm for 

fixed x, A-scan

Measurements with A 
eA/μA DIS (E-139, E-665, EMC, NMC) 
JLAB-12
νA DIS (CCFR, CDHSW, CHORUS, NuTeV)
DY (E772, E866)
DY (E906)

≥ 56 (Fe):

perturbative
non-perturbative

x
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Q
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EIC: Structure Functions in eA
EIC pseudo-data 
• σred, FL, F2, F2cc values from EPPS16 (state-of-the-art nPDF) 
• Errors (sys and stat.) from simulations for ∫Ldt=10 fb-1/A
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EIC: FL Structure Function
• FL probes glue more directly 
• FL is small and requires running at different √s and thus 

has larger systemic uncertainties than F2
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LHeC: F2 Structure Functions 

• Advantage at LHeC 
‣ NC+extended reach for CC 
‣ substantial lower-x reach 

• Errors in FL larger due to (voluntarily) restriction in √s range 
• Neither at EIC nor LHeC luminosity is essential: σsys is key
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The e↵ect of LHeC pseudodata

The NC psudodata vs. EPPS16
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The Problem of Estimating nPDF Constraints
Methods: 
• Use σred (includes F2 and FL (F3)) pseudo data 
• Re-weighting EPPS16 

‣ EPPS16 is a bit stiff at low-x, over-constraints at low-x 
• EPPS16* (arXiv:1708.05654, Hannu Paukkunen) 

‣ more flexible form cures EPPS16 problem (low-x bias) 
‣ might underestimate impact?
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FIG. 10. Inclusive FL (left) and F cc̄
L (right) as a function of x for several values of Q2. The vertical bars represent statistical

and systematic uncertainties added in quadrature. The grey bands represent the theoretical predictions based on EPPS16.

proton PDF. The adopted x dependence was

REPPS16(x) =

8
<

:

a0 + a1(x� xa)2 x  xa

b0 + b1x↵ + b2x2↵ + b3x3↵ xa  x  xe

c0 + (c1 � c2x) (1� x)�� xe  x  1.
(7)

In the equations above, xa and xe are the values of x cor-
responding to the assumed antishadowing maximum and
EMC minimum, respectively (see Figure 11). The rest of
the parameters were adjustable but constrained such that
the piecewisely defined parametrization is smooth over all
x. The A dependence of the fit functions was encoded
with a power-law-like parametrization at x = xa, x = xe,
and in the case of sea quarks also in the limit x ! 0, see
Ref [22] for further details. Figure 11 (left) shows some
examples of how the function in Eq. (7) behaves at small
x when freezing the parameters that control the region
x > xa. The sti↵ness of REPPS16(x) is obvious: only a
monotonic decrease or increase towards x ! 0 is possible.
Exactly the same limitation would apply also if we were
to perform a PDF-reweighting study. Here, our goal is to
partly release this assumption to obtain a less-biased es-
timate of the projected data constraints. In practice, we
have replaced the EPPS16 small-x fit function in Eq. (7)
by a more flexible form.

Rnew(x  xa) = a0+(x�xa)
2

"
a1 +

2X

k=1

ak+2x
k/4

#
. (8)

Some examples of how this function can behave are
shown in Figure 11 (right). Ideally, the same functional
form should be applied to all partonic species, but in
the present work we only use it for the gluons. They
arguably play a special role being particularly prone to
non-linear e↵ects at low Q2 and also in controling the
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and systematic uncertainties added in quadrature. The grey bands represent the theoretical predictions based on EPPS16.

proton PDF. The adopted x dependence was

REPPS16(x) =

8
<

:

a0 + a1(x� xa)2 x  xa

b0 + b1x↵ + b2x2↵ + b3x3↵ xa  x  xe

c0 + (c1 � c2x) (1� x)�� xe  x  1.
(7)

In the equations above, xa and xe are the values of x cor-
responding to the assumed antishadowing maximum and
EMC minimum, respectively (see Figure 11). The rest of
the parameters were adjustable but constrained such that
the piecewisely defined parametrization is smooth over all
x. The A dependence of the fit functions was encoded
with a power-law-like parametrization at x = xa, x = xe,
and in the case of sea quarks also in the limit x ! 0, see
Ref [22] for further details. Figure 11 (left) shows some
examples of how the function in Eq. (7) behaves at small
x when freezing the parameters that control the region
x > xa. The sti↵ness of REPPS16(x) is obvious: only a
monotonic decrease or increase towards x ! 0 is possible.
Exactly the same limitation would apply also if we were
to perform a PDF-reweighting study. Here, our goal is to
partly release this assumption to obtain a less-biased es-
timate of the projected data constraints. In practice, we
have replaced the EPPS16 small-x fit function in Eq. (7)
by a more flexible form.

Rnew(x  xa) = a0+(x�xa)
2

"
a1 +

2X

k=1

ak+2x
k/4

#
. (8)

Some examples of how this function can behave are
shown in Figure 11 (right). Ideally, the same functional
form should be applied to all partonic species, but in
the present work we only use it for the gluons. They
arguably play a special role being particularly prone to
non-linear e↵ects at low Q2 and also in controling the
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present work (lower).
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EIC’s Impact on nPDFs (Rglue)

• Improves uncertainties 
substantially out to 10-4 

• Shrinks uncertainty band by 
factors 4-8 

• Charm: no additional 
constraint at low-x but 
dramatic impact at large-x
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About the functional forms

However, the Hessian method used e.g. in EPPS16 is not particularly
accurate when there’s no, or only very weak constraints

• Significant non-quadratic components in the global �2 function

• Large correlations among the fit parameters

Need Monte-Carlo methods to more reliably map the uncertainties

Despite all the shortcomings, a typical result using a more flexible form
(the red one in the previous slide) for the gluons:
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H. Paukkunen Nuclear PDFs at LHC and LHeC: a small-x perspective

LHeC’s Impact on nPDFs (Rglue)
• Work in progress 

‣ Large correlations among the fit parameters 
‣ Need MC methods to more reliably map the uncertainties 

• A typical result using a more flexible form for the gluons:
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Alternative approach:
Use same pseudodata as above but 
within xFitter and HERAPDF2.0 
parametrisation to estimate the 
‘ultimate’ precision (Armesto & 
Agostini):

See also talk by N. Armesto
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Exploring QCD at Large Q2, ν
Color propagation and neutralization  

• Fundamental QCD Processes: 
‣ Partonic elastic scattering 
‣ Gluon bremsstrahlung in vacuum and in medium (E-loss) 
‣ Color neutralization 
‣ Hadron formation

!20

• Nuclei as space-time analyzer 
‣ high Q2 and ν (→ large x): 

๏ Energy of struck quark (the 
probe) is known  

๏ No color spectators (as in p+A) 
๏ Hadronization in and out of 

medium can be varied (ν)

⎧
⎨ 
⎩

dynamic confinement

High Energy: hadronization outside
→ partonic evolution altered in medium

Low Energy: hadronization inside
→  formation time, (pre-) hadronic absorption
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Multiplicity Ratios: Semi-Inclusive Studies
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HERMES: ν = 2-25 GeV 
EIC: 10 < ν < 1600 GeV 
LHeC:  ν < 5·105 GeV 
LHeC+EIC: heavy flavor!

Different  
models

• Slope of D’s sensitive to q and FF 
• Strong Sensitivity of Shape on ν is 

powerful tool

〈

D0

π
ratio of FFs A/p
z=phadr/pparton

=Estruck parton
hadron rest frame
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Exploring Short Range Nuclear Forces

• Can the short range contributions to NN scattering be described 
directly in terms of the quark and gluon DoF in QCD? 

• Vector meson production in e+D collisions 
‣Cross-section can be expressed in terms of a gluon Transition 

Generalized Parton Distribution (T-GPD) 
‣The hard scale in the final state makes the T-GPD sensitive to 

the short distance nucleon-nucleon interaction. 
• New opportunities - needs more studies (in progress)
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FIG. 1. Schematic illustration of the amplitude for diffractive J/ψ electroproduction on the

deuteron: γ(q) +D(p) → J/ψ(q−∆) + p(p′1) + n(p′2)
. (Left Panel): In Regge kinematics, the photon

preferentially fluctuates into a quark dipole and scatters from the deuteron by pomeron exchange

(double wavy line in the t-channel). (Right Panel): Spacetime picture of the collision. The symbols

⊕ and ⊖ represent the trajectories of the deuteron and photon along the respective light front axes.

where the averaging over the angles of ∆ has now become trivial and we have defined the

wave function overlap [ψγψV ∗](r, z) ≡
[∑

σσ′ ψ
γ
λσσ′(r, z)

(
ψV
λ′σσ′(r, z)

)∗]
for brevity. We note

that in the forward limit T → 0, the GPD Hg reduces down to the ordinary unintegrated

gluon distribution: Hg(x, 0, 0) = xG(x, 1/r2T ), where the inverse dipole size 1/rT provides

the transverse momentum cutoff (factorization scale) [17, 23, 24].

II.3. Back-to-Back Electro-disintegration of the Deuteron

We will now consider diffractive J/ψ electro- or photo-production on the deuteron and

require in addition that the deuteron disintegrates into the proton and neutron in the final

state with high transverse momentum: γ +D → J/ψ + p + n. The scattering is illustrated

in Fig. (1) and the kinematics are similar to the proton case,

pµ =
(
p+,

m2
D
s q−, 0

)
qµ =

(
−xp+, q−, 0

)

∆+ ≈ −xeff p
+ ∆− ≈

(
p′2
1T+m2

N
α′(1−α′)s −

m2
D
s

)
q− , (20)

with mD the deuteron mass, mN the nucleon mass, and α′ ≡ p′+1 /p+ the fraction of the

incoming deuteron momentum carried by the outgoing proton. In deriving these expressions

we have neglected ∆2
T ≪ p′21T as well as ∆2

T ≪ max(Q2,M2
V ). The invariant momentum

transfer is T = ∆2 ≈ −∆2
T and the center-of-mass energy (squared) of the outgoing NN

15

Miller, Sievert, Venugopalan, Phys.Rev. C93 (2016)



e+A - Take Away Message
• e+A collisions will allow the unprecedented study of  matter in a 

new regime of QCD.  

• New capabilities open a new frontier to study the saturation 
region, measure the gluonic structure of nuclei, and investigate 
color propagation, and fragmentation using the nucleus as 
analyzer 

• Physics connects many fields: Heavy-Ions, Hadron Physics, 
Nuclear Structure, HEP, … 

• Important: Theory is making excellent progress: higher orders, 
robust calculations, new ideas are being explored 

• An e+A program at a collider is also an experimental challenge 
‣ new difficulties compared to e+p  
‣ never conducted in a collider 
‣ IR & detector designs, roman pots, forward spectrometer, 

machine integration and many more
!23
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N.B.: Important Dual Description of DIS 

• Bjorken: Partonic picture of a hadron is manifest. Saturation 
shows up as a limit on the occupation number of quarks and 
gluons. 

• Dipole: Partonic picture is no longer manifest. Saturation appears 
as the unitarity limit (black disk) for scattering. Convenient to 
resum the multiple gluon interactions. 
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Bjorken frame Dipole frame

...

Saturation Physics
Low-x Physics in pA collisions

Small-x physics in the era of EIC

Dual Descriptions of Deep Inelastic Scattering

Bjorken frame Dipole frame

...

Bjorken frame
F2(x, Q2) =

X

q

e2
qx

h
fq(x, Q2) + fq̄(x, Q2)

i
.

Dipole frame [A. Mueller, 01; Parton Saturation-An Overview]

F2(x, Q2) =
X

f

e2
f

Q2

4⇡2↵em
S?

Z 1

0
dz

Z
d2r? | (z, r?, Q)|2

h
1 � S(2) (Qsr?)

i

Bjorken: the partonic picture of a hadron is manifest. Saturation shows up
as a limit on the occupation number of quarks and gluons.
Dipole: the partonic picture is no longer manifest. Saturation appears as the
unitarity limit for scattering. Convenient to resum the multiple gluon
interactions.
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Dihadron Correlations (I)
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Experimental Simple Measurement

beam-view
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increasing with A

Forward dihadron correlation in Dilute-Dense factorizations as 
a probe to saturation. 

• Predicted [C. Marquet, 09] as important hint of saturation 
• Interpretation: decorrelation due to interaction with low-x gluonic matter 
• Robust calculations available (Albacete, Dominguez, Lappi, Marquet, 

Stasto, Xiao) including Sudakov resummation in dijet processes

Already tantalizing hints from p+A 
studies at RHIC



• Back-to-back Correlations 
‣ Substantial suppression, √s helps 
‣ Also LHeC simulation (CDR/

J.Phys. G39 (2012) 075001) 

• Similar Dijet Correlations 
‣ Unique measurement of WW Gluon 

Distributions (nTMDs) 
‣ see arXiv:1508.04438,1708.01527
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