
Postscriptum: What are Leptoquarks?
Leptoquarks are hypothetical particles that carry both lepton (L) and baryon 
number (B). Their other quantum numbers, like spin, (fractional) electric charge 
and weak isospin vary among models. Leptoquarks are encountered in various 
extensions of the Standard Model, such as technicolor theories, theories of 
quark–lepton unification (e.g., Pati–Salam model), or GUTs based on SU(5), 
SO(10), E6, etc. Leptoquarks are currently searched for in experiments ATLAS 
and CMS at the Large Hadron Collider in CERN.
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Postscriptum: ISABELLE

ISABELLE (also known later as Colliding Beam Accelerator, CBA) 
was a 200+200 GeV proton–proton colliding beam particle 
accelerator partially built by the US government at BNL. 
       New York politicians pushed through funding before development 
of magnet technology had been completed. Construction began in 
1978. The following year a prototype SC magnet was successfully 
tested. In 1981, however, production models of magnets failed at less 
than the magnetic field intensity needed for operation. 
       Delays in the project led to competitive evaluation against a 
proposal for a much larger machine, eventually called the 
Superconducting Supercollider, a proton-proton system aimed at 
20+20 TeV; while developments in Europe at CERN, including 
discovery of the W and Z bosons, appeared to make ISABELLE 
redundant. In July, 1983, the U.S. Department of Energy cancelled 
the ISABELLE project after spending more than US$200 million on it.
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Landscape of DIS: The Uniqueness of EIC
• EIC cannot compete with e+p at HERA 

(√s = 318 GeV) 
• EIC’s strength is polarized e↑+p↑ and 

e+A collisions 
• Here the kinematic reach extends 

substantially compared to past (fixed 
target) coverage 
‣Q2×20, x/20 for e+A    
‣Q2×20, x/100 for polarized e↑+p↑
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Current polarized DIS data:
CERN DESY JLab-6 SLAC

current polarized BNL-RHIC pp data:
PHENIX π0 STAR 1-jet W bosons

JLab-12
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The EIC Community
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The EIC User Group: http://eicug.org 
•  Formation of a formal EIC User Group in 2014/2015  
• 1531 members, 295 institutions, 40 countries 
•  EIC Science Centers at JLab (EIC2) and BNL/Stony Brook University (CFNS)

Members
 Europe
 26%  Asia

 12%

 North America
 57%

S. America
Oceania
Africa
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Money - Lots of
Estimated Cost: $2-2.8B 

• Main funding agent and owner of the EIC: DOE 
• Many contributions (in-kind) from around the world 
• International effort 

How it Works 
• DOE’s Order 413.3B outlines a series of staged project approvals, referred to as a “Critical Decision (CD)” 
‣ CD-0 – Approve Mission Need 
‣ CD-1 – Approve Alternative Selection and Cost Range 
‣ CD-2 – Approve Performance Baseline 
‣ CD-3 – Approve Start of Construction 
‣ CD-4 – Approve Start of Operations or Project Completion 
‣ Operation == Physics 

The Path to Physics is plastered with reviews and reports
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6. Examples of Key Measurements at an 
EIC



General: Category of Processes to Study
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Neutral Current DIS 

● Detection of 
scattered electron 
with high precision - 
event kinematics

Charged Current DIS 

● Event kinematics 
from the final state 
particles (Jacquet-
Blondel method)

Semi-Inclusive DIS 

● Precise detection of 
scattered electron in 
coincidence with at 
least 1 hadron 

Deep Exclusive 
Processes 

● Detection of all 
particles in event

DIS event kinematics - scattered electron or final state particles (CC DIS, low y)

Parton 
Distributions in 
nucleons and 

nuclei

Spin and  
Flavor structure 

of nucleons 
and nuclei

QCD at 
Extreme Parton 

Densities - 
Saturation  

Tomography 
Spatial 
Imaging

Tomography 
Transverse 
Momentum 

Dist.
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6.1  Spin of the Proton



EIC: Longitudinal Spin of the Proton (I)
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Determine the contribution of quarks and gluons to the proton spin need to measure 
spin-dependent structure function g1 as function of x and Q2  with longitudinal 
polarized beams:

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):
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Here, we have
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�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:
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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)
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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

�
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EIC: Longitudinal Spin of the Proton (II)
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Fixed target
DIS data

10

20

30

40

50

1 10 102 103

x=5.2×10-5 (+53)

8.2×10-5 (+45)

1.3×10-4 (+38)

2.1×10-4 (+33)

3.3×10-4 (+28)

5.2×10-4 (+24)

8.2×10-4 (+21)

1.3×10-3 (+19)

2.1×10-3 (+17)
3.3×10-3 (+15.5)
5.2×10-3 (+14)

8.2×10-3 (+13)
1.3×10-2 (+12)

-22.1×10  (+11)
3.3×10-2 (+10)

5.2×10-2 (+9)
8.2×10-2 (+8)

1.3×10-1 (+7)
2.1×10-1 (+6)

3.3×10-1 (+5)
5.2×10-1 (+4)

Present
uncertainties

EIC projected data:
√s = 44.7  GeV
√s = 63.2 GeV
√s = 141.4 GeV

g 1(
x,

Q
2 ) +

 c
on

st
(x

)

Q2 (GeV2)

For ∫Ldt = 10 fb-1 and 70% 
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Current knowledge (DSSV): uses 
strong theoretical constraints 
EIC projections do not  ⇒ test w/o 
assumptions
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Recall Jaffe-Manohar sum rule:
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Don’t know what x contribute!
Need to measure over wide range down to lowest x. 

DSSV = D. de Florian, R. Sassot, M. Stratmann, W. Vogelsang



EIC: Longitudinal Spin of the Proton (III)
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Using the simulated g1(x,Q2) pseudo-data the following constrains on quark and 
gluon spin emerge:
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EIC: Longitudinal Spin of the Proton (III)
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Using the simulated g1(x,Q2) pseudo-data the following constrains on quark and 
gluon spin emerge:
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EIC: Longitudinal Spin of the Proton (IV)
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Room left for potential OAM contributions to 
the proton spin from partons with x > 0.001
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6.2   Diffractive Physics



Hard Diffraction: What is It?
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A DIS event (theoretical view)



Hard Diffraction: What is It?
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A DIS event (experimental view)



Hard Diffraction: What is It?
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A DIS event (experimental view)

Activity in proton direction 
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Hard Diffraction: What is It?
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?

A diffractive event (experimental view)



Hard Diffraction: What is It?
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A diffractive event (theoretical view)

• HERA:  large fraction of diffractive events (15% of total DIS rate)



Diffraction for the 21st Century
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Diffractive physics will be a major component of the e+A 
program at an EIC

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

⎫
⎪
⎬
⎪
⎭

Y  (MY)
⎫
⎪
⎬
⎪
⎭

t: momentum transfer  
 squared (p-p’)2 
MX: mass of diffractive  
final-state

HERA: σdiff/σtot ~ 14%

• Diffractive event characterized 
by large rapidity gap mediated 
by color neutral exchange (e.g. 
2 or more gluons) aka Pomeron



Why Is Diffraction So Important for an EIC?
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Recall: diffractive pattern in optics
Position of minima θi related to size R of screen 

✓i ⇠ 1/(kR)
small angle scattering

Similarly: in coherent (elastic) 
scattering dσ/dt resembles diffractive  
pattern where |t| ≈ k2θ2

ti ⇠ 1/R2

Crucial differences:
• target not always “black disc” 
‣sensitivity to “size” of probe / 

onset of black disc limit 
• incoherent (inelastic) 

contribution



Exclusive Diffractive Vector Meson 

17

γ* V = J/ψ, φ, ρ, γr→

AʹA
t

q

q

t = (pA � pA0)2 = (pVM + pe0 � pe)
2

⇡ (pe
0

T + pVM
T )2

• t can be measured in e+p with a forward spectrometer measuring the 
scattered p 

• in e+A this is not possible. A’ stays in the beam pipe. 
• Only process where this is possible is exclusive VM production.



High Sensitivity to g(x,Q2)

18

Diffraction is most precise probe of non-linear dynamics in QCD 

Example: Exclusive diffractive 
production of a vector meson  

γ*p → Vp′ 

γ*A → VA′ 

• High sensitivity to gluon density:  σ~[g(x,Q2)]2 due to 
color-neutral exchange

γ∗ V = J/ψ,φ, ρ

p p′

z

1 − z

r⃗

b⃗

(1 − z)r⃗

x x′

d� ⇠ [g(x)]2

Dipole Model



Warning - Warning - J/𝜓 has issues
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γ* V = J/ψ, φ, ρ, γ
1-z (1-z)r→r→

z

pʹ, Aʹ

xʹ

p, A

x

t

b→

A�⇤p!V p
T,L (x,Q,�) = i

Z
dr

Z
dz

4⇡

Z
d2b( ⇤

V ) (r, z)

⇥2⇡rJ0([1� z]r�)e�ib·� d�(p)
qq̄

d2b
(x, r,b)

Wave overlap function Ψ*Ψ falls 
steeply for large dipole radii
• J/ψ not sensitive to saturation.
• Need to look at φ, or ρ that 

“see” more of the dipole 
amplitude
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Spatial Gluon Distribution from dσ/dt
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Diffractive vector meson production: e + Au → eʹ + Auʹ + J/ψ

~

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
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• Incoherent CS is the variance of the 
amplitude ⇒ measure of fluctuation 
of the source G(x, Q2, b) at scale 
~1/t 

• Note: Variance disappears in black 
disk limit! Clear saturation 
signature.

dσ
/d

t

γ*+A→J/ψ,φ,ρ +A’

-t (GeV2)

e+Au

Coherent

Incoherent/Breakup

Nucleus dissociates: f ≠ i
�incoherent /

X

f 6=i

hi|A|fi hf |A|ii

=
⌦
|A|2

↵
� h|A|i2

d�total

dt
=

1

16⇡

⌦
|A|2

↵ d�coherent

dt
=

1

16⇡
h|A|i2

Example from ep:

H. Mäntysaari, 
B. Schenke,
PRL 117 (2016) 052301



Question: How to Measure t?
In e+p we can use the original definition of t: 

 

p is known (beam) and p’  is measured by 
forwards proton spectrometers (Roman Pots etc)

t = (p − p′ )2

22

A'

e'

V

Ases

(d)

A

A'

e'

V

e

(c)

A's

e's

Vs

Ae

(a)

As
A's

e's

Vs

es

(b)

p’

p

, γ*

How well that ultimately works in terms of  one has to see. 
In any case alternative methods should be considered either to improve 
the precision or for systematic cross-checks.

σt /t



Question: How to Measure t in e+A?
In e+A we cannot measure pA’: 
• coherent: t kick not big enough to get 

heavy ions out of the beam envelope 
• incoherent: unlikely we can measure all 

fragments and reconstruct the whole ion 
and its momentum.
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In general t cannot be measured w/o knowing pA’  except in 
exclusive vector meson production: 

 
since 4-momenta from  and  are known
e + A → e′ + A′ + V

e, A, e′ V

t = (pA − pA′ 
)2



Exact Way (Method E)
One can directly calculate t as: 

 
we call this method E (exact) 

• In absence of any distortions (e.g. MC) this method delivers the true t 
• BUT: Sensitivity to beam effects 
‣ Beam divergence affects little:      ~ 6% to 0.5% 

‣ Beam momentum spread is devastating:       ~ 15000% to 103%

t = (pA−pA′ 
)2 = (pV + pe′ 

− pe)2

σt /t
σt /t

24



Method E
 

Why does it fail: 
Have to subtract large incoming and 
large outgoing momenta to get the 
"longitudinal part" of t. So a small 
error/smearing/inaccuracy in these 
has enormous effect on t 

t = (pV+pe′ 
− pe)2
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Coherent  (beam momentum spread only)

Incoherent  (beam momentum spread only)

Coherent  (divergence only)

Incoherent  (divergence only)
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Method A
Approximate method: 
Rely only on the transverse momenta of the vector meson and the scattered 
electron ignoring all longitudinal momenta. Therefore beam momentum 
fluctuations do not enter the calculations. This method was extensively used at 
HERA in diffractive vector meson studies.  

  

• This formula is valid only for small t and small Q2. It also performs better for 
lighter vector mesons such as  and . In what follows we refer to this 
method as method A. 

• There is a improved method (L from Lappi) that is an extension and a huge 
improvement overcoming some of the shortcomings.

t = [ ⃗pT(e′ ) + ⃗pT(V)]2

ϕ ρ

26



Massive Disappointment
• It turns that with using realistic detector 

simulations the killer is the measuring 
the pT of the scattered electron with 
the required precision.  

• This measurement was one of the key 
diffractive plots but it seems out of 
reach 

• We can: 
‣ change the kinematic where to 

measure e’ reducing x reach 
‣measure p directly with light ions losing 

Qs oomph 
‣ think harder and longer …

27
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FIG. 7: The ratio FD
2A/(AFD

2p) as a function of β for Ca, Sn
and Au nuclei for Q2 = 5 GeV2 and xP = 10−3. Results are
for the “non breakup” case in the IPsat model (thick lines)
and the bCGC model (thin lines).

All parameters of the model come from either fits of the
model to ep-data or from the Woods-Saxon distribution;
no additional parameters are introduced for eA collisions.

The Glauber form (24) has a straightforward in-
terpretation as the dipole scattering independently off
the different nucleons. To see this explicitly denote
dσdip

d2bT
(rT ,bT ) = 2(1 − S(rT ,bT )), where the S-matrix

element S(rT ,bT ) is the amplitude for the dipole to
not interact (elastically; the relation to the inclusive
cross section is via the optical theorem) with the tar-
get. The S-matrix element for scattering off a nucleus
is then given by SA(rT ,bT ) =

∏A
i=1 Sp(rT ,bT − bT i)

which, for the IPsat model, turns out to be equivalent
to Tp(bT ) →

∑A
i=1 Tp(bT − bT i). Note that in the form

(24) there is no leading twist shadowing, i.e. in the large
Q2 or small r limit σA

dip → Aσp
dip, because in this limit

σp
dip ∼ r2 is small and one can expand the exponential.

The situation for the bCGC model is much more com-
plicated, since the replacement Tp(bT ) →

∑A
i=1 Tp(bT −

bT i) into the definition of the bCGC saturation scale
(6) does not lead to the Glauber form (24). One could
see this as a consequence of the “noncommutativity” of
nuclear effects and high energy evolution: even if one as-
sumes that for a particular x and rT a dipole interacts
independently with the nucleons in a nucleus, this will
not necessarily be the case for other rapidities and dipole
sizes because the evolution sums up nonlinear interac-
tions between the nucleons. Since it is not completely
obvious how to introduce a nuclear dependence directly
into the bCGC parametrization for the dipole cross sec-
tion we will in this work use (24) for the bCGC model as
well. A comparison of high energy evolution for protons
and nuclei would be out of the scope of this work, see
however Refs. [61, 62].

In Ref. [19], we showed that the nuclear dipole cross-
sections obtained in this manner gave a good (parameter
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FIG. 8: The ratios FD
2A

x
/(AFD

2p
x
) at xP = 10−3 for different

components of the diffractive structure function plotted as a
function of Q2. The components are evaluated where they
are dominant: at β = 0.1 for qq̄g, β = 0.5 for T and β = 0.9
for L. Results are in the IPsat model for both “breakup” and
“no breakup” cases. (a) Ca nuclei, (b) Au nuclei.

free) agreement with the x and Q2 dependence of the
NMC inclusive structure function data [63, 64] at small
x. However, at the level of the accuracy of the data, it
was not possible to distinguish between the IPsat and
b-CGC models for the inclusive cross-section. We will
now consider nuclear diffractive (qq̄ and qq̄g) structure
functions in the two dipole models. This is obtained by
substituting the nuclear dipole cross-section (Eq. (24)) in
Eqs. (7), (11) and (13).

It is very easy to break up a nucleus with a rela-
tively small momentum transfer |t| ! |tAmin|. However,
for |tAmin| " |t| " |tpmin|, where tpmin is the minimum mo-
mentum transfer required to break up the proton, one
can still have a nuclear diffractive event with a rapid-
ity gap. For |t| ! |tAmin|, the “lumpiness” of the nu-
cleus shows up as a proton-like tail ∼ exp{CtR2

p)} of
the t-distribution. In our formalism, if one requires that
the nucleus stays completely intact, the average ⟨·⟩N in
Eq. (22) must be performed at the amplitude level; the

Q2=5 GeV2, xIP = 10-3
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FIG. 2: β-dependence of the different contributions to the
proton diffractive structure function at Q2 = 5 GeV2 and
xP = 10−3.

and N (r, xP,bT ) = dσdip

d2bT
(r, xP,bT )/2. The coupling con-

stant αs in Eqs. (10) and (12) is treated here as a con-
stant free parameter (independent of the DGLAP evolu-
tion momentum scale in the IPsat model). A more thor-
ough study of the running coupling effects in this problem
is an interesting question that is out of the scope of the
present work.

Depending on the mass of the diffractive system MX

or, equivalently, β, the diffractive structure function is
dominated by either the qq̄ or qq̄g Fock states. (See
Ref. [48] for a general argument of the β dependence.)
Specifically, in the limit β → 1, the dominant component,
FD

L,qq̄ is a longitudinally polarized qq̄ system. At interme-
diate β ∼ 0.5 the dominant component is a transversally
polarized qq̄ denoted here by FD

T,qq̄ . In the limit β → 0
the invariant mass of the diffractive system is large, and
this large phase space is filled by radiation of additional
gluons, each of them being suppressed by αs. This struc-
ture is illustrated in Fig. 2.

In Ref. [39], it was shown that the β = 0 limit
of Eq. (10), at Q2 → ∞, approaches the result from
Eq. (12). This therefore suggests the following interpo-
lation formula between the two limits [39]:

xPFT,qq̄g(xP, β, Q2) =

xPFD (GBW)
T,qq̄g (xP, β, Q2) × xPFD (MS)

T,qq̄g (xP, Q2)

xPFD (GBW)
T,qq̄g (xP, β = 0, Q2)

. (14)

We also note the work in Refs. [30, 32, 49], which uses
yet another prescription whose relation to ours is not very
transparent.

III. IMPACT PARAMETER DEPENDENCE

We shall now discuss the b-dependence of the dipole
cross-sections (see also e.g. Refs. [50, 51, 52]). Several
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FIG. 3: b-dependence of the the inclusive structure func-
tion and different contributions to the diffractive structure
function at Q2 = 1 GeV2 (a) and Q2 = 100 GeV2 (b) for
x = 10−3 (inclusive) and xP = 10−3 (diffractive). In plot
(b) (Q2 = 100 GeV2) the b-dependence of the inclusive cross
section and qq̄g-components are indistinguishable.

works on the subject (for example, Refs. [8, 9, 21, 35])
assume, explicitly or implicitly, a factorizable bT depen-
dence

dσdip

d2bT
(bT , rT , x) = 2N (bT , rT , x) = 2 Tp(bT )N(rT , x) .

(15)
When considering diffractive scattering on protons, this
is consistent with the exponential t dependence observed
in experiments, and in fact implies that Tp(bT ) is Gaus-
sian.

In the IPsat model, in contrast to the factorization
of the b-dependence in Eq. (15), the dependence of the
dipole cross-section on impact parameter is as in Eq. (2),
which equivalent to an impact parameter dependence of
the saturation scale Qs

2 ∝ Tp(bT ). In the IPsat model
the impact parameter profile of the proton saturation
scale is chosen to have the form

Tp(bT ) =
1

2πBG
e−

b2

2BG , (16)

which is normalized to unity. In the large Q2-limit the
cross section is dominated by small dipoles and one can
expand the exponential of Eq. (2), and the dipole cross
section becomes proportional to Tp(bT ). This corre-
sponds to ⟨b2⟩ = 2BG, which can be interpreted as the
average square gluonic radius in the proton.

contributions to the proton  
diffractive structure function

‣ β = momentum fraction of the struck 
parton with respect to the Pomeron

• Saturation models (CGC) predict up to σdiff/σtot ~ 25% in eA  
(Hera in ep ~15%)  

• Enhanced at large β, i.e. small MX2         

γ∗ V = J/ψ,φ, ρ

p p′

z

1 − z

r⃗

b⃗

(1 − z)r⃗

x x′

qq̄, qq̄g, . . .

� ⇡ Q2

Q2 +M2
X

x = � xIP

Rapidity Gap : ⇡ ln�/x
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FIG. 7: The ratio FD
2A/(AFD

2p) as a function of β for Ca, Sn
and Au nuclei for Q2 = 5 GeV2 and xP = 10−3. Results are
for the “non breakup” case in the IPsat model (thick lines)
and the bCGC model (thin lines).

All parameters of the model come from either fits of the
model to ep-data or from the Woods-Saxon distribution;
no additional parameters are introduced for eA collisions.

The Glauber form (24) has a straightforward in-
terpretation as the dipole scattering independently off
the different nucleons. To see this explicitly denote
dσdip

d2bT
(rT ,bT ) = 2(1 − S(rT ,bT )), where the S-matrix

element S(rT ,bT ) is the amplitude for the dipole to
not interact (elastically; the relation to the inclusive
cross section is via the optical theorem) with the tar-
get. The S-matrix element for scattering off a nucleus
is then given by SA(rT ,bT ) =

∏A
i=1 Sp(rT ,bT − bT i)

which, for the IPsat model, turns out to be equivalent
to Tp(bT ) →

∑A
i=1 Tp(bT − bT i). Note that in the form

(24) there is no leading twist shadowing, i.e. in the large
Q2 or small r limit σA

dip → Aσp
dip, because in this limit

σp
dip ∼ r2 is small and one can expand the exponential.

The situation for the bCGC model is much more com-
plicated, since the replacement Tp(bT ) →

∑A
i=1 Tp(bT −

bT i) into the definition of the bCGC saturation scale
(6) does not lead to the Glauber form (24). One could
see this as a consequence of the “noncommutativity” of
nuclear effects and high energy evolution: even if one as-
sumes that for a particular x and rT a dipole interacts
independently with the nucleons in a nucleus, this will
not necessarily be the case for other rapidities and dipole
sizes because the evolution sums up nonlinear interac-
tions between the nucleons. Since it is not completely
obvious how to introduce a nuclear dependence directly
into the bCGC parametrization for the dipole cross sec-
tion we will in this work use (24) for the bCGC model as
well. A comparison of high energy evolution for protons
and nuclei would be out of the scope of this work, see
however Refs. [61, 62].

In Ref. [19], we showed that the nuclear dipole cross-
sections obtained in this manner gave a good (parameter
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FIG. 8: The ratios FD
2A

x
/(AFD

2p
x
) at xP = 10−3 for different

components of the diffractive structure function plotted as a
function of Q2. The components are evaluated where they
are dominant: at β = 0.1 for qq̄g, β = 0.5 for T and β = 0.9
for L. Results are in the IPsat model for both “breakup” and
“no breakup” cases. (a) Ca nuclei, (b) Au nuclei.

free) agreement with the x and Q2 dependence of the
NMC inclusive structure function data [63, 64] at small
x. However, at the level of the accuracy of the data, it
was not possible to distinguish between the IPsat and
b-CGC models for the inclusive cross-section. We will
now consider nuclear diffractive (qq̄ and qq̄g) structure
functions in the two dipole models. This is obtained by
substituting the nuclear dipole cross-section (Eq. (24)) in
Eqs. (7), (11) and (13).

It is very easy to break up a nucleus with a rela-
tively small momentum transfer |t| ! |tAmin|. However,
for |tAmin| " |t| " |tpmin|, where tpmin is the minimum mo-
mentum transfer required to break up the proton, one
can still have a nuclear diffractive event with a rapid-
ity gap. For |t| ! |tAmin|, the “lumpiness” of the nu-
cleus shows up as a proton-like tail ∼ exp{CtR2

p)} of
the t-distribution. In our formalism, if one requires that
the nucleus stays completely intact, the average ⟨·⟩N in
Eq. (22) must be performed at the amplitude level; the

Q2=5 GeV2, xIP = 10-3
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FIG. 2: β-dependence of the different contributions to the
proton diffractive structure function at Q2 = 5 GeV2 and
xP = 10−3.

and N (r, xP,bT ) = dσdip

d2bT
(r, xP,bT )/2. The coupling con-

stant αs in Eqs. (10) and (12) is treated here as a con-
stant free parameter (independent of the DGLAP evolu-
tion momentum scale in the IPsat model). A more thor-
ough study of the running coupling effects in this problem
is an interesting question that is out of the scope of the
present work.

Depending on the mass of the diffractive system MX

or, equivalently, β, the diffractive structure function is
dominated by either the qq̄ or qq̄g Fock states. (See
Ref. [48] for a general argument of the β dependence.)
Specifically, in the limit β → 1, the dominant component,
FD

L,qq̄ is a longitudinally polarized qq̄ system. At interme-
diate β ∼ 0.5 the dominant component is a transversally
polarized qq̄ denoted here by FD

T,qq̄ . In the limit β → 0
the invariant mass of the diffractive system is large, and
this large phase space is filled by radiation of additional
gluons, each of them being suppressed by αs. This struc-
ture is illustrated in Fig. 2.

In Ref. [39], it was shown that the β = 0 limit
of Eq. (10), at Q2 → ∞, approaches the result from
Eq. (12). This therefore suggests the following interpo-
lation formula between the two limits [39]:

xPFT,qq̄g(xP, β, Q2) =

xPFD (GBW)
T,qq̄g (xP, β, Q2) × xPFD (MS)

T,qq̄g (xP, Q2)

xPFD (GBW)
T,qq̄g (xP, β = 0, Q2)

. (14)

We also note the work in Refs. [30, 32, 49], which uses
yet another prescription whose relation to ours is not very
transparent.

III. IMPACT PARAMETER DEPENDENCE

We shall now discuss the b-dependence of the dipole
cross-sections (see also e.g. Refs. [50, 51, 52]). Several
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FIG. 3: b-dependence of the the inclusive structure func-
tion and different contributions to the diffractive structure
function at Q2 = 1 GeV2 (a) and Q2 = 100 GeV2 (b) for
x = 10−3 (inclusive) and xP = 10−3 (diffractive). In plot
(b) (Q2 = 100 GeV2) the b-dependence of the inclusive cross
section and qq̄g-components are indistinguishable.

works on the subject (for example, Refs. [8, 9, 21, 35])
assume, explicitly or implicitly, a factorizable bT depen-
dence

dσdip

d2bT
(bT , rT , x) = 2N (bT , rT , x) = 2 Tp(bT )N(rT , x) .

(15)
When considering diffractive scattering on protons, this
is consistent with the exponential t dependence observed
in experiments, and in fact implies that Tp(bT ) is Gaus-
sian.

In the IPsat model, in contrast to the factorization
of the b-dependence in Eq. (15), the dependence of the
dipole cross-section on impact parameter is as in Eq. (2),
which equivalent to an impact parameter dependence of
the saturation scale Qs

2 ∝ Tp(bT ). In the IPsat model
the impact parameter profile of the proton saturation
scale is chosen to have the form

Tp(bT ) =
1

2πBG
e−

b2

2BG , (16)

which is normalized to unity. In the large Q2-limit the
cross section is dominated by small dipoles and one can
expand the exponential of Eq. (2), and the dipole cross
section becomes proportional to Tp(bT ). This corre-
sponds to ⟨b2⟩ = 2BG, which can be interpreted as the
average square gluonic radius in the proton.

contributions to the proton  
diffractive structure function

‣ β = momentum fraction of the struck 
parton with respect to the Pomeron

• Saturation models (CGC) predict up to σdiff/σtot ~ 25% in eA  
(Hera in ep ~15%)  

• Enhanced at large β, i.e. small MX2         

γ∗ V = J/ψ,φ, ρ

p p′
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(1 − z)r⃗

x x′

qq̄, qq̄g, . . .
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X
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Rapidity Gap : ⇡ ln�/x
<latexit sha1_base64="BFh2sYJQefcEUDiWpI+B1MPDUuE="></latexit><latexit sha1_base64="BFh2sYJQefcEUDiWpI+B1MPDUuE="></latexit><latexit sha1_base64="BFh2sYJQefcEUDiWpI+B1MPDUuE="></latexit><latexit sha1_base64="BFh2sYJQefcEUDiWpI+B1MPDUuE="></latexit>

Diffractive over Total Cross-Section



29

• Studies using diffractive 
event generator Sartre 
based on Dipole model. 

• Ratio enhanced for small MX 
and suppressed for large MX 

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

Unambiguous signature for 
reaching the saturation limit
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• Saturation models predict very special and strong dependencies in A  and 
Q2 that are different above and below Q2S

• 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
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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
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We will employ the identity
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2). The constant
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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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• Saturation models predict very special and strong dependencies in A  and 
Q2 that are different above and below Q2S

• 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)
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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
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Full simulations using 
Sartre event generator 
based on IPSat (aka bSat) 
model 
• Suppression larger for φ 

than for J/ψ as expected 
• Straightforward 

measurement for early days 
of an EIC
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Saturation: bSat/IPSat model

|η(edecay)| < 4
p(edecay) > 1 GeV/c

Experimental Cuts:
|η(Kdecay)| < 4
p(Kdecay) > 1 GeV/c

e e
e + p(Au) →  e’ + p’(Au’) + J/ψ

e + p(Au) →  e’ + p’(Au’) + φ
K K

Note: A4/3 scaling strictly only 
valid at large Q2
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6.3  Dihadron Correlations



Dihadron Correlations
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Experimental Simple Measurement
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Dihadron correlation as a probe to saturation. 
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Saturation models predict 
suppression of away-side peak

Interpretation: 
decorrelation due 
to interaction with 
low-x gluonic 
matter

• Predicted [C. Marquet, 09] as important hint of saturation 
• Robust calculations available (Albacete, Dominguez, Lappi, Marquet, 

Stasto, Xiao) including Sudakov resummation in dijet processes
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Di-hadron measurement
• CGC successfully predicted the strong suppression of the inclusive hadron yields in d+Au relative to p+p by gluon 

saturation effects → nuclear modified fragmentation serves as another interpretation?

• Di-hadron as another observable provides further test, was first proposed by D. Kharzeev, E. Levin and L. McLerran 
from NPA 748 (2005) 627-640.

!!" = 1.5 GeV
!!# = 0.2 − 1.5 GeV • Di-hadron in p+p serves as a baseline: 2-to-2 process.

• CGC predicts a back-to-back suppression and a 
broadening phenomena when gluon saturation appears.Observable: ( ∆* = "!"#$(∆1)

"%$#& × ∆1!"#

(
∆*

p p d/p Au

Au: saturatedp: non-saturated

!( !/ !( !/

∆- [rad] 
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Gaussian (Area and width) at ∆- = / + pedestal

STAR, PRL 129, 092501 (2022)

• Suppression exists at low 98 not high 98.

• In a fixed ! − 0/ region, suppression is 
dominantly affected by various 6:
• Suppression depends linearly on 6(/6. 

• No broadening is observed.
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• Experiments: suppression 
dependence on 𝐴 and 𝑝T 
observed at STAR 

• Suppression exists at low 𝑝T not 
high 𝑝T.  

• In a fixed 𝑥 − 𝑄2 region, 
suppression is dominantly 
affected by various 𝐴 
‣ Suppression depends linearly on 
𝐴1/3  

• No broadening is observed
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• Experiments: suppression 
dependence on 𝐴 and 𝑝T 
observed at STAR 

• Suppression exists at low 𝑝T not 
high 𝑝T.  

• In a fixed 𝑥 − 𝑄2 region, 
suppression is dominantly 
affected by various 𝐴 
‣ Suppression depends linearly on 
𝐴1/3  

• No broadening is observed

• Cannot assure that effect has initial state 
contributions in p/d+A 

• Large background, no access to process kinematics 

⇒ e+A
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EIC Simulation Results: Dihadrons
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EIC Simulation Results: Dihadrons
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EIC Simulation Results: Dihadrons
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• Clear saturation signature 
‣ Allows us to extract the spatial 

multi-gluon correlations  
• Similar Dijet Correlations 
‣ Unique measurement of WW 

Gluon Distributions (nTMDs)
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6.4 Imaging



3-D Imaging of Quarks and Gluons
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Imaging is big part of EIC program: 
• Luminosity and energy hungry ➟ multi-

year (decade) program

• Momentum space, TMDs 
‣ semi-inclusive DIS 
‣ access to e.g., spin-

orbit correlations  
‣ spin-dependent 3D 

momentum space 
images

• Coordinate space, GPDs 
‣ exclusive measurements  

๏ DVCS 
๏ diffractive vector meson production 

‣ spin-dependent 2+1D coordinate 
space images from exclusive scattering

f(x,kT)

f(x,bT)

x 

down quark

fm-2



Accessing GPDs in exclusive processes (I)
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Spatial imaging of quarks and gluons via exclusive reactions where 
the nucleon is left intact in the final state

x + ξ x − ξ

p p′

x + ξ x − ξ

p p′

γ∗ γ∗γ V

• Real photon (DVCS): 
‣ Very clean experimental signature 
‣ No VM wave-function uncertainty 
‣ Hard scale provided by Q2  
‣ Access to the whole set of GPDs 
‣ Sensitive to both quarks and gluons 

[via Q2 dependence of cross-section 
(scaling violation)]

• Hard Exclusive Meson Production (HEMP): 
‣ Uncertainty of wave function 
‣ Hard scale provided by  

‣  ➟ direct access to gluons,  
pairs  produced via  fusion 

‣ Light VMs ➟ quark-flavor separation 
‣ Pseudoscalars ➟ helicity-flip GPDs

Q2 + M2

J/ψ, Υ cc̄, bb̄
q(g) − g



Accessing GPDs in exclusive processes (I)
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Spatial imaging of quarks and gluons via exclusive reactions where 
the nucleon is left intact in the final state

x + ξ x − ξ

p p′

x + ξ x − ξ

p p′

γ∗ γ∗γ V



Accessing GPDs in exclusive processes (II)
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Q2=100 GeV 2

Planned DVCS at fixed targ.:
COMPASS- dσ/dt, ACSU, ACST
JLAB12- dσ/dt, ALU, AUL, ALL

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

H1- total xsec
H1- dσ/dt
H1- ACU

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

HERMES- ALU, AUL, ALL
HERMES- AUT Hall A- CFFs
CLAS- ALU CLAS- AUL

1
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10 2

10 3
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x

Q
2  (G
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2 )

EIC √s
= 14

0 G
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, 0
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≤ y ≤
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95
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6  

Q2=50 GeV2

≤ 
≤ 

√
EIC s=
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 G
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, 0

.01
y 

0.9
5  

y ≤
 0.

6  

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



6.5.  Structure Functions and PDFs
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Nuclear PDFs (nPDFs)
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Goal: Describe initial state of nuclei

For nuclei typically formulated
as ration of structure fct A/p

nPDFs are of interest in their own right but are also 
important for other fields (Heavy-Ions, Cosmic Rays etc)

3 distinguished regions:
• shadowing
• anti-shadowing
• EMC effect region
none is understood



PDFs
What is Needed: 

• Good data  
‣ Best: F2 (ep), 𝜎R, jets, Drell-Yan (pp) 

‣ Bad: Hadrons 
• pQCD Calculation of the processes 
‣ LO, NLO, NNLO 

• QCD Evolution Equations 
‣ DGLAP: Evolution in Q2 (small to large) 

at fixed x (integro-differential equations) 
‣ BFKL: Evolution in x at fixed Q2

42
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Nuclear PDFs
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nPDFs less well known due to lack of data

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
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Fig. 26 The CMS dijet data [34] compared with the results
obtained with the EPPS16 (blue bands), nCTEQ15 [32] (red
bands) and DSSZ [31] (hatched bands) nuclear PDFs.

allowed to be partly flavour dependent in the nCTEQ15
analysis (although to a much lesser extent than in EPPS16),
hence we show the comparison for all parametrized par-
ton species. The two fits (as well as nCTEQ15 and our
Baseline fit in Fig. 22) can be considered compatible
since the uncertainty bands always overlap. For all the
sea quarks the nCTEQ15 uncertainties appear clearly
smaller than those of EPPS16 though less data was used
in nCTEQ15. This follows from the more restrictive as-
sumptions made in the nCTEQ15 analysis regarding
the sea-quark fit functions: nCTEQ15 has only 2 free
parameters for all sea quarks together, while EPSS16
has 9. Specifically, the nCTEQ15 analysis constrains
only the sum of nuclear ū+ d̄ with an assumption that
the nuclear s quarks are obtained from ū+ d̄ in a fixed
way. In contrast, EPPS16 has freedom for all sea quark
flavours separately, and hence also larger, but less bi-
ased, error bars. For the valence quarks, the nCTEQ15
uncertainties are somewhat larger than the EPPS16 er-
rors around the x-region of the EMC e↵ect which is
most likely related to the extra constraints the EPPS16
analysis has obtained from the neutrino DIS data. Es-
pecially the central value for dV is rather di↵erent than
that of EPPS16. The very small nCTEQ15 uncertainty
at x ⇠ 0.1 is presumably a similar fit-function arte-
fact as what we have for EPPS16 at slightly smaller
x. Such a small uncertainty is supposedly also the rea-
son why nCTEQ15 arrives at smaller uncertainties in
the shadowing region than EPPS16. For the gluons the
nCTEQ15 uncertainties are clearly larger than those of
EPPS16, except in the small-x region. While, in part,
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Fig. 27 Comparison of the EPPS16 nuclear modifications
(black central curve with light-blue uncertainty bands) to
those from the EPS09 analysis (purple curves with hatch-
ing) and DSSZ [31] (gray bands) at Q2 = 10GeV2. The up-
per panels correspond to the average valence and sea-quark
modifications of Eqs. (54) and (55), the bottom panel is for
gluons.

the larger uncertainties are related to the LHC dijet
data that are included in EPPS16 but not in nCTEQ15,
this is not the complete explanation as around x ⇠ 0.1
the nCTEQ15 uncertainties also largely exceed the un-
certainties from our Baseline fit (see Fig. 22). Since the
data constraints for gluons in both analyses are essen-
tially the same, the reason must lie in the more stringent
Q

2 cut (Q2
> 4GeV2) used in the nCTEQ15 analysis,

which cuts out low-Q2 data points where the indirect
e↵ects of gluon distributions via parton evolution are

�red(x,Q
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2)�
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nPDF fits typically performed on 
reduced cross-section 
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EIC: Structure Functions in eA
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EIC pseudo-data 
• FL, F2, σred, F2cc values from EPPS16 
• Errors (sys and stat.) from simulations 
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EIC: FL Structure Function
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• FL probes glue more directly 
• FL is small and requires running at different √s and thus 

has larger systemic uncertainties than F2

2 = 1.4 GeV2Q
C=0

2 = 2.5 GeV2Q
C=0.05

2 = 4.4 GeV2Q
C=0.1

2 = 7.8 GeV2Q
C=0.15

2 = 14 GeV2Q
C=0.2

2 = 25 GeV2Q
C=0.25

2 = 44 GeV2Q
C=0.3

2 = 78 GeV2Q
C=0.35

2 = 139 GeV2Q
C=0.4

2 = 78 GeV2Q
C=0.35

2 = 247 GeV2Q
C=0.45

x
10−4 10−3 10−2 10−1 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Ldt = ∫10 fb-1/A
e+Au

CT14NLO+EPPS16
√s = 31.6, 38.7, 44.7 GeV 
√s = 63.2, 77.5, 89.4 GeV 

F L
(x

,Q
2 ) +

 c

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

2 = 1.4 GeV2Q
C=0

2 = 2.5 GeV2Q
C=0.005

2 = 4.4 GeV2Q
C=0.01

2 = 7.8 GeV2Q
C=0.015

2 = 14 GeV2Q
C=0.02

2 = 25 GeV2Q
C=0.025

2 = 44 GeV2Q
C=0.03

2 = 78 GeV2Q
C=0.035

2 = 139 GeV2Q
C=0.04

x
10−4 10−3 10−2 10−1 1

Ldt = ∫10 fb-1/A
e+Au

CT14NLO+EPPS16
√s = 31.6, 38.7, 44.7 GeV 
√s = 63.2, 77.5, 89.4 GeV 

F Lcc
(x

,Q
2 ) +

 c
• Dramatic improvements with EIC at highest energy



The Problem of Estimating nPDF Constraints
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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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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.
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e+p:
EIC constrains the high-x 
region of both gluons and 
flavor-separated u and d 
valence quarks

e+A:
The EIC provides a factor 
~10 larger reach in Q2 and at 
low-𝑥 compared to  available 
data

Key detector performance: 
• Electron ID 
• Fine y resolution over 

large phase space
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Radiative “Correction” 
• Emission of real photons 

experimentally often not 
distinguished from non-
radiative processes: soft 
photons, collinear photons 

• Studies underway (ignored in 
EIC WP)

LEPTONIC RADIATION

Feynman diagrams for leptonic radiation at O(↵) (NC)
for eq scattering:

radiative leptonic tensor
Sµ⌫(l , l 0, k) is

gauge invariant

infrared finite

universal

(includes Born + loops: �(4)(kµ))

H. Spiesberger (Mainz) Radiative Corrections BNL, 3/31 2011 6 / 26

LEPTONIC RADIATION

F obs
n (x , Q2) =

Z
dx̃dQ̃2Rn(x , Q2; x̃ , Q̃2)F true

n (x̃ , Q̃2)

Note: shifted kinematics, e.g.,

Q2 = �(l � l 0)2 ! Q̃2 = �(l � l 0 � k)2

‹ expect strong dependence on experimental prescriptions for measuring
kinematic variables

leptonic variables: measure E and ✓ of scattered lepton ‹ x and Q2

hadronic variables: measure E , ✓ from hadronic final state ‹ x̃ and Q̃2

mixed variables: combine information from leptonic and hadronic final
state

‹ need full Monte-Carlo modelling

H. Spiesberger (Mainz) Radiative Corrections BNL, 3/31 2011 8 / 26

• Expect strong dependence on experimental prescriptions for measuring 
kinematic variables  
‣ leptonic variables: measure E and θ of scattered lepton ⇒ x and Q2  
‣ hadronic variables: measure E, θ from hadronic final state ⇒ x ̃  and Q  ̃2  
‣ mixed variables: combine information from leptonic and hadronic final 

state  
• Need MC to unfold, kinematic cuts can limit effect 
• Detect radiated photon?
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Rcorr =
σ red O α( )( )
σ red born( )
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