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The	Far	Future	of	CERN	

A	Design	Study	of	a	joint	electron-positron,	hadron-hadron	and	electron-hadron	complex	
Most	recent	FCC	workshop:	Amsterdam,	April	2019.						Conceptual	Design	Report:	1/19	
Key:	100	TeV	pp	collider	housed	in	a	100	km	tunnel,	suitable	for	ee.	and	adjacent	ep.	
	
CERN	has	also		been	pursuing	a	linear	ee	collider	design,	CLIC,	with	energy	up	to	3	TeV	

e	ERL	

Baseline� Design (Electron “Linac”)

Design constraint: power consumption < 100 MW à Ee = 60 GeV

• Two 10 GeV linacs, 
• 3 returns, 20 MV/m
• Energy recovery in
same structures

• ep lumi à 1034 cm-2 s-1

à ~100 fb-1 per year  à~1 ab-1 total 
• eD and eA collisions have always been integral to programme
• e-nucleon Lumi estimates ~ 1031 (3.1032) cm-2 s-1 for eD (ePb) 

� Alternative designs based on electron ring and on higher energy, lower 
luminosity, linac also exist
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LHeC CDR, July 2012 [arXiv:1206.2913]
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Legacy of HERA ep collider
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e (27.5 GeV) 

P (920 GeV) 

Equivalent to a 50 TeV beam on 
a fixed target proton 
~2500 times more than SLAC! 

Around 500 pb-1 per experiment 

HERA (1992-2007) 

… the only ever 
collider of electron 
beams with proton 
beams 

ZEUS 

e (27.5 GeV) 

P (920 GeV) 

HERA:  (1992-2007) 
27.5 GeV electrons/positrons 
820/920 GeV protons 
318 GeV CoM energy 
Lumi: 1031 cm-2 s-1 

Electrons, positrons and protons 

Physics: 
Structure functions 
Parton density functions 
Established growth of gluon with 
decreasing Bjorken x 
Measurement of coupling constant 
Diffraction 
Jets, heavy quarks 
BSM searches
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Future high energy DIS ep collider projects
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					“Limitations”	of	HERA		
à	Luminosity	1-4�1031	cm-2	s-1	
à  No	eA	collisions	
à  No	polarised	protons			

HERA Run 2 

è Mandatory	input	for	
our	currently	best	
knowledge	about	the	
quark-gluon	dynamics	
of	the	proton,	e.g.	LHC	
Higgs	cross	section	
predictions.	

LHeC: 60 GeV
electrons x LHC 
protons & ions
à 1034 cm-2 s-1

à Simultaneous
running with ATLAS / 
CMS in HL-LHC period

FCC-ep: 60 GeV
electrons x 50 TeV
protons from FCC 

CDR
2012:
“Fake
news?”
… lots
changed 

LHeC Context
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[CERN Courier, June 2014]

Proposed energy frontier high luminosity 
ep / eA facility à TeV scale physics at 
1034 cm-2s-1

LHeC: 60 GeV electrons x LHC 
protons and ions 
1.3 TeV ep, 812 GeV  eA CoM 
Lumi: 1034 cm-2 s-1 
Simultaneous running with 
ATLAS and CMS in HL-LHC 
period

FCC-ep: 60 GeV electrons x 50 
TeV protons from FCC, lead 
beams 19.7 TeV/per nucleon 
3.5 TeV ep, 2.2 TeV eA  CoM 
Lumi: 1034 cm-2 s-1 

EIC: 5-20 GeV electrons 
20-140 GeV CoM energy 
Lumi: 1034 cm-2 s-1 
Polarized e,p,d,3He 
Wide range of nuclei
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Electron Ion Collider concept
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Figure 1.1: Schematic layout of the planned EIC accelerator based on the existing RHIC
complex at Brookhaven National Laboratory.

electrons and ions and use sophisticated, large detectors to identify specific reac-
tions whose precise measurement can yield previously unattainable insight into
the structure of the nucleon and nucleus. The EIC will open a new window into
the quantum world of the atomic nucleus and allow physicists access for the first
time to key, elusive aspects of nuclear structure in terms of the fundamental quark
and gluon constituents. Nuclear processes fuel the universe. Past research has
provided enormous benefit to society in terms of medicine, energy and other ap-
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Highly polarized ( 70% ) electron and nucleon beams 

Ion beams from deuterons to the heaviest nuclei 
(gold, lead or uranium) 

Variable center of mass energies 20 -140 GeV 

High luminosity 1033  - 1034 cm-2s-1 

Possibility of more than one interaction region

Use existing RHIC complex at Brookhaven National Laboratory  (with minimal upgrades) for hadron 
beams and add the electron complex.

At EIC:
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EIC Yellow Report 2021

5

ar
X

iv
:2

10
3.

05
41

9v
2 

 [p
hy

si
cs

.in
s-

de
t] 

 1
7 

M
ar

 2
02

1

Yellow Report     arXiv:2103.05419

The purpose of the Yellow Report Initiative is to advance the state and detail of the documented physics studies (White 
Paper, Institute for Nuclear Theory program proceedings)  and detector concepts (Detector and R&D Handbook) in 
preparation for the realization of the EIC. The effort aims to provide the basis for further development of concepts for 
experimental equipment best suited for science needs, including complementarity of two detectors towards future 
Technical Design Reports. 

From the Yellow Report Chapter 1:

One year effort 

4 workshops, 902 pages, 415 authors, 151 institutions 

Organisation

Physics Working Group 
   Inclusive Reactions 
   Semi-Inclusive Reactions 
   Jets & Heavy Quarks 
   Exclusive Reactions 
   Diffraction & Tagging 

Detector Working Group 
  Tracking  
  Particle ID 
  Calorimetry (EM + Hadronic) 
  Far-forward detectors 
  DAQ/Electronics 
  Central Detector/Integration & Magnet 
  Forward Detector/IR integration 
  Polarimetry/Ancillary Detectors 
  Detector Complementarity 
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Physics Questions to be explored at EIC
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How do the nucleonic properties 
such as mass and spin emerge 
from partons and their 
underlying interactions?

How are partons inside the 
nucleon distributed in both 
momentum and position space?

How do color-charged quarks 
and gluons, and 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?

EIC Yellow Report 2021

Do quarks/gluons saturate at 
high densities in nuclei ?
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Global structure of nuclei
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Figure 6.4: The kinematic coverage of the EIC for DIS on nuclei compared to that of previous
experiments. The expected ”saturation scale” Q2

s (x) for non-linear gluon dynamics in a large
nucleus is indicated by a red line [40–42].

One of the main goals of the physics program to be pursued at the EIC is to obtain
clear evidence for nonlinear QCD dynamics at a perturbative scale, Qs > 1 GeV,
from the energy dependence of DIS cross-sections, structure functions, and other
observables. This is predicted by the theory in the form of nonlinear evolution
equations. Discovery of saturation requires unambiguous experimental evidence
for these specific nonlinear equations. While various features of the data from
proton-nucleus and heavy-ion collisions at RHIC and the LHC are consistent with
perturbative gluon saturation, there is nevertheless no consensus in the field in
favor of them providing unambiguous evidence for nonlinear effects in the weak-
coupling regime. The EIC is expected to deliver a clean, direct measurement and
characterization of the gluon density in protons and nuclei, and how it depends
on energy and thickness of the target. The high-energy aspects of DIS on nuclei
have been presented more extensively in the White Paper [2], and are addressed in
Secs. 7.3.1 and 7.3.2.

Nuclear PDFs: Nuclear parton distribution functions (nPDF) describe the behavior
of bound partons in the nucleus. Like their free-proton counterparts, nPDFs are as-
sumed to be universal and are essential tools for understanding experimental data
from collider experiments. To date, there is no compelling evidence for violation
of the QCD factorization theorem [43] or violation of universality. Thus, precise
knowledge of PDFs in general, and nPDF in particular, becomes most relevant for
advancing our understanding of strong interactions in a nuclear medium and for
interpreting results from collider experiments. Moreover, nPDFs provide an essen-
tial foundation for understanding the hot Quark-Gluon Plasma (QGP) medium
produced in heavy-ion collisions at RHIC and the LHC, particularly for experi-

EIC will be first ever eA collider 

Precise measurement of nuclear structure 
functions for a range of nuclei 

Extraction of nuclear PDFs which are 
essential for understanding nuclear 
structure 

Initial conditions for Quark-Gluon Plasma. 
Disentangle initial and final state effects 

Systematic uncertainties at most few % 

Statistical errors negligible

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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Impact of EIC on nuclear PDFs
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CHAPTER 7. EIC MEASUREMENTS AND STUDIES 159

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 
Impact at moderate and low x

Au
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Heavy flavor impact on gluon PDF
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160 7.3. THE NUCLEUS: A LABORATORY FOR QCD

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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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
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in Refs. [54–56]. The existing DIS data cover an impressive range in the outgoing
lepton kinematics with x down to 10�5 and Q2 up to the order of 104 GeV2. While
there is a substantial kinematic overlap between the measurements at HERA and
those in fixed-target experiments, they are complementary in accessing the small-
x and large-x longitudinal hadron structure, respectively. On the other hand, the
EIC covers an overlapping kinematic range between HERA and the fixed-target
experiments, with an instantaneous luminosity potentially 3 orders of magnitude
larger than at HERA. The EIC, together with other facilities and, in particular, the
Jefferson Lab 12-GeV program, will allow for a new era in the exploration of the
nucleon structure in high definition.
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Figure 7.1: Simulated statistical and systematic uncertainties for electron-proton NC DIS atp
s = 140.7 GeV. The statistical uncertainties are calculated based on a two-dimensional

binning with 5 bins per decade for both Q2 and x. The determination of the displayed
systematic uncertainties is discussed in Sec. 8.1.6. (The systematic uncertainties correspond
to the “Conservative Scenario” discussed below.)

In Fig. 7.1 we present statistical and systematic uncertainties for the EIC NC cross
sections. While an integrated luminosity of 100 fb�1 provides an impressively
small statistical uncertainty at small x, the overall uncertainties are estimated at
present to be limited by the systematic uncertainties. Details for the projected un-
certainties can be found in Sec. 8.1.

Fig. 7.2 shows the impact of the EIC NC DIS data on our current knowledge of the
differential cross sections computed with the NNPDF3.1 PDF set [57, 58]. Using a
c2-based hypothesis test, we assess the EIC constraining power at the single-bin
level with L = 100 fb�1 of pseudodata and point-by-point systematic uncertain-
ties as described in Sec. 8.1 (left and central panels) and an additional optimized
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The grey band built as an envelope from the various groups indicates the uncer-
tainty on the impact from the projected EIC data. The impact of the EIC can be
seen as the variations of the ratios away from unity, which occurs in most of the
regions to be explored at the EIC. Note that the ratios are not bound to be less than
one since the inclusion of new data can change the relative strength of the flavor
channels on the differential cross sections. However, the cross section uncertain-
ties propagated from PDF uncertainties do decrease as expected. The results show
that there is a potential strong impact on the valence sector where the uncertainties
can decrease up to 80% which should give new insights on the d/u ratio. On the
other hand, the sea sector is predominately modified in the small-x region as ex-
pected, with a decrease of uncertainties up to 50%. Overall we find that the current
detector setup, with systematic uncertainties as large as 2%, can induce significant
constraints on the unpolarized PDFs. Those constraints will also raise the accuracy
of information that can be obtained from the HL-LHC which includes studies of
the Higgs boson — see also the discussion in Sec. 7.5.4.

Figure 7.4: Comparison of relative uncertainties for unpolarized PDFs x f (x) for different
partons, before and after the inclusion of EIC data, evaluated at Q2 = 10 GeV2. We include
the analysis of different collaborations, limited to e� datasets.

Positron beam

While the EIC has the main focus on an incident electron beam, the possibility
of having a positron beam to measure NC and CC is a relevant complementarity
that boosts the exploration of the nucleon flavor structure. In particular, the dif-
ferent charge of the exchanged W+ boson is such that positron CC interactions are
capable of probing a unique combination of flavor currents inside the nucleon rel-
ative to the case of an electron beam. This potentially offers significant additional
constraints on the d-type PDFs, further constraining the d/u ratio. Beyond this,
positron beams may also allow for access to other effects, such as the breaking of
the strange-antistrange symmetry, (s = s̄), or parton-level charge-symmetry vi-

EIC will offer high luminosity to improve measurement in  ep 

Systematic uncertainties at most few % 

Statistical errors negligible 

Potential for substantial improvement in the valence region 

SIDIS with pions and kaon measurement can provide 
additional constraints.  

Substantial improvement of the strange component 
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The grey band built as an envelope from the various groups indicates the uncer-
tainty on the impact from the projected EIC data. The impact of the EIC can be
seen as the variations of the ratios away from unity, which occurs in most of the
regions to be explored at the EIC. Note that the ratios are not bound to be less than
one since the inclusion of new data can change the relative strength of the flavor
channels on the differential cross sections. However, the cross section uncertain-
ties propagated from PDF uncertainties do decrease as expected. The results show
that there is a potential strong impact on the valence sector where the uncertainties
can decrease up to 80% which should give new insights on the d/u ratio. On the
other hand, the sea sector is predominately modified in the small-x region as ex-
pected, with a decrease of uncertainties up to 50%. Overall we find that the current
detector setup, with systematic uncertainties as large as 2%, can induce significant
constraints on the unpolarized PDFs. Those constraints will also raise the accuracy
of information that can be obtained from the HL-LHC which includes studies of
the Higgs boson — see also the discussion in Sec. 7.5.4.

Figure 7.4: Comparison of relative uncertainties for unpolarized PDFs x f (x) for different
partons, before and after the inclusion of EIC data, evaluated at Q2 = 10 GeV2. We include
the analysis of different collaborations, limited to e� datasets.

Positron beam

While the EIC has the main focus on an incident electron beam, the possibility
of having a positron beam to measure NC and CC is a relevant complementarity
that boosts the exploration of the nucleon flavor structure. In particular, the dif-
ferent charge of the exchanged W+ boson is such that positron CC interactions are
capable of probing a unique combination of flavor currents inside the nucleon rel-
ative to the case of an electron beam. This potentially offers significant additional
constraints on the d-type PDFs, further constraining the d/u ratio. Beyond this,
positron beams may also allow for access to other effects, such as the breaking of
the strange-antistrange symmetry, (s = s̄), or parton-level charge-symmetry vi-
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Figure 7.8: Expected impact on the unpolarized (sea) quark PDFs when adding SIDIS infor-
mation from pions and kaons in ep collisions. The baseline NNPDFs were take from Ref. [79].

icant number of QCD global analyses, a definitive signal has long been elusive,
with most analyses [81, 82] generally placing upper limits on the total nonpertur-
bative charm momentum, hxic+c̄, at the scale Q = mc. The EMC charm structure
function measurements of 1983 [83] have been suggested as offering evidence for
nonperturbative charm, but have been challenging to accommodate in a global fit.
The kinematic region over which nonperturbative charm is expected to be visible
in typical model calculations is high x and low-to-moderate Q2. In Fig. 7.9, the
size of the resulting effect in the charm structure function is plotted in a typical
model calculation [84] for two scenarios: highly suppressed [hxic+c̄ = 0.1%] and
intermediate [hxic+c̄ = 0.35%]. Precision DIS data in this region, x & 0.3 and
hQ2i ⇠ 20 GeV2, would permit the direct measurement of the charm structure
function and help resolve the proton charm content. As discussed in Ref. [82],
the nonperturbative charm contribution may be interpreted as involving twist-
4 four-gluon correlator functions. Measurements of nonperturbative charm may
therefore constrain twist-4 gluon correlators in the same way that extrinsic charm
is used to constrain the twist-2 gluon PDF. A recent analysis carried out by the
NNPDF Collaboration [85] has demonstrated how measurements of Fcc̄

2 at large
x have great potential to unravel intrinsic charm and that the constraints of the
EIC on a nonperturbative charm component would complement those provided
at the LHC, e.g., via weak boson production in the forward region. In addition,
the charm-tagging abilities discussed briefly below and in greater detail in Sec.
8.3 will likely enhance the EIC’s ability to disentangle a possible nonperturbative
charm contribution to the structure of the nucleon.
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icant number of QCD global analyses, a definitive signal has long been elusive,
with most analyses [81, 82] generally placing upper limits on the total nonpertur-
bative charm momentum, hxic+c̄, at the scale Q = mc. The EMC charm structure
function measurements of 1983 [83] have been suggested as offering evidence for
nonperturbative charm, but have been challenging to accommodate in a global fit.
The kinematic region over which nonperturbative charm is expected to be visible
in typical model calculations is high x and low-to-moderate Q2. In Fig. 7.9, the
size of the resulting effect in the charm structure function is plotted in a typical
model calculation [84] for two scenarios: highly suppressed [hxic+c̄ = 0.1%] and
intermediate [hxic+c̄ = 0.35%]. Precision DIS data in this region, x & 0.3 and
hQ2i ⇠ 20 GeV2, would permit the direct measurement of the charm structure
function and help resolve the proton charm content. As discussed in Ref. [82],
the nonperturbative charm contribution may be interpreted as involving twist-
4 four-gluon correlator functions. Measurements of nonperturbative charm may
therefore constrain twist-4 gluon correlators in the same way that extrinsic charm
is used to constrain the twist-2 gluon PDF. A recent analysis carried out by the
NNPDF Collaboration [85] has demonstrated how measurements of Fcc̄

2 at large
x have great potential to unravel intrinsic charm and that the constraints of the
EIC on a nonperturbative charm component would complement those provided
at the LHC, e.g., via weak boson production in the forward region. In addition,
the charm-tagging abilities discussed briefly below and in greater detail in Sec.
8.3 will likely enhance the EIC’s ability to disentangle a possible nonperturbative
charm contribution to the structure of the nucleon.
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Figure 7.22: Diagram for the Sullivan process used to probe the structure of the pion.

The Sullivan process can provide reliable access to a meson target in the space-like
t-region, if the pole associated with the ground-state meson remains the dominant
feature of the process and the structure of the related correlation evolves slowly
and smoothly with virtuality. To check whether these conditions are satisfied em-
pirically, one can take data covering a range in t, particularly low �t, and compare
with phenomenological and theoretical expectations. A recent calculation explored
the circumstances under which these conditions should be satisfied [135]. Accord-
ing to this study, for the pion (kaon) Sullivan process, low �t equates to �t < 0.6
(0.9) GeV2 to be able to extract the pion (kaon) structure. Substantial further theory
input is required to solidify these numbers and data over a range of �t down to the
lowest accessible values are needed to verify the pion (kaon) structure extraction.

Theoretical backgrounds in extracting the data

The extraction of the mesonic structure of the nucleon from the tagged DIS cross
section is inherently model-dependent. Therefore, it will be necessary to examine
all available reasonable models to evaluate the theoretical uncertainty associated
with extracting meson structure functions from the tagged DIS data. The mea-
sured cross section can be integrated over t to obtain the leading-baryon structure
function introduced as FLB(3)

2 in Ref. [136]. The pion structure function Fp
2 can

then be extracted from FLB(3)
2 using models, such as the Regge model of baryon

production.

The extraction of the pion structure function will have to be corrected for a number
of effects beyond the simple Sullivan picture. These include non-pion-pole contri-
butions, D and other N⇤ resonances, absorptive effects, and uncertainties in the
pion flux. While these corrections can be large and one cannot extract the pion
structure function without including them, detailed calculations do exist [137]. (A
recent estimate of the absorptive effects was presented in Ref. [138].) Moreover,
these corrections are minimized by measuring at the lowest �t, and having fine
differential binning in �t. A quantitative assessment of the desired resolution and
binning in �t needs future study. We note that the simulations of Fig. 7.23 result
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Figure 24: Monte Carlo projections of the pion structure function vs x for a beam

energy of 10⇥135. The projected data is binned in x and Q
2, with bin sizes of 0.001

and 10 GeV2, respectively. The blue points are the Monte Carlo projections for Q
2

values of 60, 120, 240, 480 GeV2
/c. The green bands are the statistical uncertainties

for a luminosity of 100 fb�1.

function. A detailed examination of the sensitivity to the meson flux will be undertaken

in the future.

The plot in figure 24 shows the reach in x for four Q
2 bins at the 10⇥135 energy

setting. The pion structure function simulations were validated by their agreement

with the experimental HERA data [126] in that regime, and with the GRV fit [121] at

higher x. Statistical uncertainties with the addition of the leading neutron detection

fraction (discussed in the previous section) were incorporated to the overall uncertainty

for a luminosity of L = 100 fb�1. For this energy, the coverage in x extends down to

10�2, with reasonable uncertainties in the mid-to-large x region, increasing rapidly as

x ! 1. Even with these restrictions, the coverage in mid to high x is unprecedented

and should allow for detailed comparisons between pion and kaon structure.

In Figure 7 we showed the impact of EIC data on the pion PDFs themselves and

10 GeV x 135 GeV

Green band: statistical 
uncertainty from 
luminosity of 100 fb-1

Projections based on 
model that reproduces 
HERA data an GRV 
extrapolation at large x

Largest systematic uncertainty coming from the pion flux factor
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Figure 7.24: Left: Comparison of uncertainties on the pion valence, sea quark and gluon
PDFs before (yellow bands) and after (red bands) inclusion of EIC data. Right: Ratio of
uncertainties of the PDFs with EIC data to PDFs without EIC data, dEIC/d, for the valence
(green line), sea quark (blue) and gluon (red) PDFs, assuming 1.2% systematic uncertainty,
and (inset) the corresponding ratios of the momentum fraction uncertainties, dhxiEIC/dhxi,
for valence, sea, total quark and gluon PDFs [149], at the scale Q2 = 10 GeV2. Fits were
obtained using a Monte Carlo procedure, using DGLAP at NLL with VFNS, NLL as and
both Drell-Yan and F2 for leading neutrons at NLO.

in statistics compared to HERA. The resulting access to a significant range in Q2

and �t, including small �t, as well as significant x-coverage, will provide insights
into the gluonic content of the pion.

Impact on global QCD analysis

The potential impact of EIC neutron production data is illustrated in Fig. 7.24,
which shows the valence, sea quark and gluon PDFs in the pion from the JAM
global QCD analysis at the input scale Q2 = 10 GeV2 [146], with current uncer-
tainties compared with those expected with the addition of EIC data [149]. At
the moment this is the only impact study of its kind. The analysis of the exist-
ing data includes pion-nucleus Drell-Yan cross sections, both pT-differential and
pT-integrated, and the leading-neutron structure functions from HERA [150], both
treated at NLO. The analysis assumes the center-of-mass energy

p
s = 73.5 GeV,

the integrated luminosity L = 100 fb�1 and a 1.2% systematic uncertainty across
all kinematics. This does not include an uncertainty coming from the model de-
pendence of the extraction (see above). For both the sea quark and gluon distribu-
tions, the PDF uncertainties are reduced by a factor ⇠ 5 � 10 for most of the range
of x, with a (similar) factor ⇠ 5 reduction in the valence sector. For the decom-
position of the pion mass [151], written in terms of matrix elements of the QCD
energy momentum tensor (see Sec. 7.1.4), the first moments, hxiq,g, are relevant.
For these quantities, the reduction in uncertainties is by a factor ⇠ 10 for both the
total quark and gluon contributions, as can be seen in the inset of Fig. 7.24 (right).
Note, however, that the errors do not include the aforementioned uncertainties as-
sociated with the model dependence of the pion flux, which may be of the order

Luminosity 100 fb-1 

Center of mass energy 73.5 GeV 

Systematic uncertainty 1.2% (does not include model dependence) 

Reduction of uncertainties: 5-10 for sea quark & gluon, 5 for valence 

Pion PDFs Ratio of uncertainties with and w/o EIC
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ential analysis of nuclear effects, enhancing the experimental reach and theoretical
accuracy of the analysis. In DIS with proton tagging, on-shell nucleon extrapola-
tion in the spectator proton momentum selects large-size pn configurations in the
deuteron where nuclear interactions are absent and provides a model-independent
method for extracting the free neutron structure functions [68]. In DIS with proton
or neutron tagging, measurements with spectator momenta p ⇠ 200-600 MeV/c
(rest frame) select small-size pn configurations where the EMC effect is enhanced
and can be studied systematically as a function of the size of the pn configura-
tion (tagged EMC effect). Measurements of bound proton structure in deuteron
DIS with neutron tagging can be compared with free proton structure measured in
proton DIS, transforming the analysis of nuclear modifications (independent nor-
malization, size of modifications). The theoretical framework for tagged DIS on
the deuteron is being developed, including final-state interactions and polariza-
tion [69, 70, 108, 109, 115].

In tagged DIS at EIC, the spectator nucleon moves in the forward ion direction
with ⇡ 1/2 the deuteron beam momentum, with an offset that is determined
by its boosted rest-frame momentum (its light-cone momentum fraction is con-
served): pk,N [collider] = xL pk,d with xL ⇡ 1

2(1 + pk,N [restframe]/m) = 0.35–0.65,
p?,N [collider] = p?,N [restframe] . 300 MeV/c. Proton spectators are detected
with the forward spectrometer; neutron spectators are detected with the ZDC.
Generic detector requirements are: (a) Acceptance for proton and neutron spec-
tators in the given xL and p? range; (b) Proton longitudinal momentum resolution
dxL/xL ⌧ 10�2 and transverse momentum resolution dp?/p? ⇡ 20–30 MeV/c;
(c) neutron momentum resolution of 9 � 11 GeV/c for p > 110 GeV/c and pT-
resolution of 40–80 MeV/c, assuming a ZDC with energy resolution sE < 50%/

p
E

for hadrons, and an angular resolution of 3 mrad/
p

E as assumed for other e+d
studies in this report (see Sec. 8.5.4 for details).

Simulations have been performed of neutron structure extraction with deuteron

proton

q

pp pd

pd

pp

p pTpα ,

2

Xneutron

t = ( − )

Figure 8.116: Deuteron DIS with spectator proton
tagging, e + d ! e0 + X + p. The measured pro-
ton momentum is described by the light-cone frac-
tion ap = 2p+

p /p+
d and transverse momentum pT

in the deuteron-photon collinear frame. The proton
controls the neutron virtuality t � m2 in the deuteron
(off-shellness). The on-shell point can be reached
by extrapolation to p2

T ! �a2
T , where a2

T(ap) is the
pole position in the deuteron light-cone wave func-
tion and is of the order ⇠ edm (ed = 2.2 MeV is
the deuteron binding energy, m is the nucleon mass).
The graph shows the cross section in the impulse
approximation; final-state interactions and polariza-
tion effects are discussed in Refs. [69, 108, 109, 115].

Example: deuteron DIS with 
spectator proton tagging

Detection of the spectator nucleon identifies the 
active nucleon in DIS 

Measurement of the spectator nucleon momentum 
controls the nuclear configuration in the deuteron 
initial state and permits differential analysis of the 
nuclear effects 

DIS with proton tagging allows for extraction of the 
neutron structure function 

Spectator tagging allows to study the EMC effect 

Neutron tagging allow for measurement of the proton 
structure function in deuteron DIS, allow for analysis 
of nuclear effects



Anna Staśto, Physics possibilities at future DIS facilities, September 22  2021

Proton spin

16

The Proton Spin 

!  The sum rule: S(µ) =
X

f

⇥P, S|Ĵz
f (µ)|P, S⇤ =

1

2
� Jq(µ) + Jg(µ)

%  Infinite possibilities of  decompositions – connection to observables? 

%  Intrinsic properties  +  dynamical motion and interactions      

!  An incomplete story: 

Jaffe-Manohar, 90 
Ji, 96, … 

Net effect of  partons’ 
transverse motion? 

Orbital Angular Momentum 
of  quarks and gluons 

Little known 

Proton Spin 

1

2
=

1

2
�⌃+�G+ (Lq + Lg)

Quark helicity  
Best known  

⇠ 30%

Gluon helicity 
Start to know 

⇠ 40%(with RHIC data)

See H. Gao’s Plenary Talk 

Proton spin: intrinsic property of a hadron.  
Spin puzzle: how it emerges from internal degrees of freedom?
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70% polarization of beams at 
EIC for leptons, protons and 
light nuclei 

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

Precision measurements: 
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, different TMDs

Chapter 1

Overview: Science, Machine and
Deliverables of the EIC

1.1 Scientific Highlights

1.1.1 Nucleon Spin and its 3D Structure and Tomography

Several decades of experiments on deep inelastic scattering (DIS) of electron or muon beams
o↵ nucleons have taught us about how quarks and gluons (collectively called partons) share
the momentum of a fast-moving nucleon. They have not, however, resolved the question of
how partons share the nucleon’s spin and build up other nucleon intrinsic properties, such
as its mass and magnetic moment. The earlier studies were limited to providing the lon-
gitudinal momentum distribution of quarks and gluons, a one-dimensional view of nucleon
structure. The EIC is designed to yield much greater insight into the nucleon structure
(Fig. 1.1, from left to right), by facilitating multi-dimensional maps of the distributions of
partons in space, momentum (including momentum components transverse to the nucleon
momentum), spin, and flavor.

Figure 1.1: Evolution of our understanding of nucleon spin structure. Left: In the 1980s,
a nucleon’s spin was naively explained by the alignment of the spins of its constituent quarks.
Right: In the current picture, valence quarks, sea quarks and gluons, and their possible orbital
motion are expected to contribute to overall nucleon spin.

1
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Current polarized DIS data:
CERN DESY JLab-6 SLAC

current polarized BNL-RHIC pp data:
PHENIX /0 STAR 1-jet W bosons

JLab-12
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Figure 6.1: The x-Q2 coverage of the EIC for two different center-of-mass energies, in com-
parison with polarized ep experiments at CERN, DESY, Jefferson Lab and SLAC, as well as
pp experiments at RHIC.

1. Global properties and parton structure of hadrons

EIC measurements will reveal the quark and gluon structure of hadrons at the next
level. This, in particular, applies to global properties of the nucleon such as its spin
and mass, that is, how those properties can be understood in terms of contributions
from the partons.

Nucleon spin: The spin and the mass are among the most important quantities
characterizing any hadron. Getting a deeper understanding of those quantities in
QCD is a key mission of the EIC. Starting with the spin, we recall that the spin of
the nucleon can be decomposed according to [4]

1
2

=
1
2

DS(µ) + DG(µ) + Lq(µ) + Lg(µ) (6.1)

into contributions from the quark plus antiquark (gluon) spin 1
2 DS (DG), as well

as quark (gluon) orbital angular momenta Lq (Lg). Each term of this decomposi-
tion depends on the renormalization scale µ, where the scale dependence drops
out upon summing over all contributions. For quite some time it was generally
believed that the DS term is largely responsible for making up the nucleon spin. It
came therefore as a big surprise when in the late 1980s the EMC Collaboration re-
ported a value for 1

2 DS which is only a small fraction of the nucleon spin [31]. This
“nucleon spin crisis” initiated a large number of further experimental and theo-
retical activities. Presently available results suggest that about 25% of the nucleon
spin is carried by the spins of the quarks and antiquarks [32]. Mainly due to the
RHIC spin program, we now also have clear evidence for a nonzero DG [5]. How-
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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)
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Figure 2.6: EIC pseudo-data on the inclusive spin structure function g1(x,Q2) versus Q
2 at

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

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

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

2 of 1GeV2 was imposed, as well
as W

2
> 10GeV2, a depolarization factor

of the virtual photon of D(y) > 0.1, and
0.01  y  0.95. Figure 2.6 shows the
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L=10 fb-1 EIC pseudodata

dg1(x,Q2)

d logQ2
⇠ �g
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Sensitive to gluons Δg at higher 
orders: drive the scaling violations 
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Figure 2.8: Left: Uncertainty bands on helicity parton distributions, in the first DSSV anal-
ysis [60, 61] (light bands) and with EIC data (darker bands), using projected inclusive and
semi-inclusive EIC data sets (see text). Note that for this analysis only data with x � 10�3

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

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

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

The right part of the figure shows
the �

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

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

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

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

Besides polarized proton beams, the
EIC design envisions beams of polarized
deuterons or helium-3. The neutron’s
g1(x,Q2) can thus be determined, potentially
with a precision that is comparable to the
data on g1(x,Q2) of the proton. The di↵er-
ence of the moments of proton and neutron
g1(x,Q2) allows a test of the fundamental
sum rule by Bjorken [75]. The data from
polarized fixed target experiments have veri-
fied the sum rule to a precision of about 10%
of its value. The extended kinematic range
and improved precision of EIC data allow for
more stringent tests of this sum rule, as well
as its corrections, to an accuracy that is cur-
rently anticipated to be driven mostly by ad-
vances in hadron beam polarimetry (cf. Sec-
tion 6.2.5).
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An additional, and unique, avenue for de-
lineating the flavor structure of the quark
and anti-quark spin contribution to the pro-
ton spin at the EIC is electroweak deep-
inelastic scattering. At high Q

2, the deep-
inelastic process also proceeds significantly
via exchange of Z and W

± bosons. This

gives rise to novel structure functions that
are sensitive to di↵erent combinations of the
proton’s helicity distributions. For instance,
in the case of charged-current interactions
through W

�, the inclusive structure func-
tions contribute,

g
W�
1 (x,Q2) =

⇥
�u+�d̄+�c+�s̄

⇤
(x,Q2) ,

g
W�
5 (x,Q2) =

⇥
��u+�d̄��c+�s̄

⇤
(x,Q2) , (2.12)

where �c denotes the proton’s polarized
charm quark distribution. The analysis
of these structure functions does not rely
on knowledge of fragmentation. Studies
show that both neutral-current and charged-
current interactions would be observable at
the EIC, even with relatively modest inte-
grated luminosities. To fully exploit the po-
tential of the EIC for such measurements,
positron beams are required, albeit not nec-
essarily polarized. Besides the new in-
sights into nucleon structure this would pro-

vide, studies of spin-dependent electroweak
scattering at short distances with an EIC
would be beautiful physics in itself, much
in the line of past and ongoing electroweak
measurements at HERA, Je↵erson Labora-
tory, RHIC, and the LHC. As an illustra-
tion of the EIC’s potential in this area,
Fig. 2.10 shows production-level estimates
for charged-current interactions through W

�

and W
+ exchange at collision energy

p
s =

141 GeV. Cuts of Q2
> 1 GeV2 and 0.1 <

y < 0.9 have been applied. The figure shows
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Extraction of helicity  parton 
distributions from the global 
analysis of inclusive and semi-
inclusive simulated data from EIC. 

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)
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✦ Insight into quark and gluon contribution 
to proton spin.  

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

EIC, White paper
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From 1D to 3D: imaging of nucleon : tomography
Integrated PDFs provide limited information about the details  of the nucleon 
structure: only distribution of partons in the longitudinal momentum fraction

bT

kT
xp

Wigner function or Generalized Transverse Momentum Dependent Distribution 
GTMD (in momentum space)

W (x, bT , kT )
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Transverse Momentum Dependent Generalized Parton Distribution
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(and scale dependent)
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Exploring TMD at EIC: Sivers function example
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126 7.2. MULTI-DIMENSIONAL IMAGING OF NUCLEONS, NUCLEI, AND MESONS

ments will also play a key role in the study of the flavor structure of TMDs, which
is currently almost unconstrained [489], making it difficult to estimate the impact
of the EIC.

Quark Sivers and Collins measurements

Figure 7.53: Expected impact on up and down quark Sivers distributions as a function of the
transverse momentum kT for different values of x, obtained from SIDIS pion and kaon EIC
pseudodata, at the scale of 2 GeV. The green-shaded areas represent the current uncertainty,
while the blue-shaded areas are the uncertainties when including the EIC pseudodata.

Sivers function measurements: The determination of the quark Sivers functions,
f ?q
1T (x, kT), is one of the major goals for TMD physics. It can be extracted most di-

rectly from the transverse SSA proportional to the sin(fh � fS) modulation of the
SIDIS cross section, which is expressed through the structure function Fsin(fh�fS)

UT
(see Eq. (7.27)). The Sivers function is a T-odd TMD [490], that turns into the Qiu-
Sterman matrix element [212, 491] in the regime of small b [492, 493]. The extrac-
tion of the Sivers TMD was performed by many groups [494–506]. However, the

Example: Measurement of the Sivers 
function 

Transverse momentum distribution of 
quarks correlated with the transverse 
polarization vector of the nucleon 

Extracted from semi-inclusive DIS : 
pseudodata on pions and kaons 
included 

Reduction of uncertainties by order of 
magnitude when including EIC. 

Green: without EIC 

Blue: with EIC
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Probing saturation in di-hadron at the EIC
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Figure 3.18: Left: A saturation model prediction of the coincidence signal versus azimuthal
angle di↵erence �' between two hadrons in e+p, e+Ca, and e+A collisions [189, 190, 191].
Right: A comparison of saturation model prediction for e+A collisions with calculations from
conventional non-saturated model. Statistical error bars correspond to 1 fb�1/A integrated
luminosity.

In the saturation framework, due to multi-
ple re-scatterings and multiple gluon emis-
sions, the large transverse momentum of one
hadron is balanced by the momenta of sev-
eral other hadrons (instead of just one back-
to-back hadron), e↵ectively washing out the
correlation at �' = ⇡ [192]. A comparison
of the heights and widths of the di-hadron
azimuthal distributions in e + A and e + p

collisions respectively would clearly mark out
experimentally such an e↵ect.

An analogous phenomenon has already
been observed for di-hadrons produced at
forward rapidity in comparing d+Au with
p+p collisions at RHIC (see Sec. 3.4.1). In
that case, di-hadron production is believed to
proceed from valence quarks in the deuteron
(proton) scattering on small-x gluons in the
target Au nucleons (proton). Lacking di-
rect experimental control over x, the onset of
the saturation regime is controlled by chang-
ing the centrality of the collision, the di-
hadron rapidity and the transverse momenta
of the produced particles. (Note that the
gluon density and, consequently, the satu-
ration scale Qs depend on the impact pa-
rameter and on rapidity/Bjorken-x.) Exper-
imentally, a striking flattening of the �' =
⇡ peak in d+Au collisions as compared to

p+p collisions is observed in central collisions
[193, 194], but the peak re-appears in periph-
eral collisions, in qualitative agreement with
the CGC predictions, since saturation e↵ects
are stronger in central collisions.

There are several advantages to studying
di-hadron correlations in e+A collisions ver-
sus d+Au. Directly using a point-like elec-
tron probe, as opposed to a quark bound in
a proton or deuteron, is extremely beneficial.
It is experimentally much cleaner as there is
no “spectator” background to subtract from
the correlation function. The access to the
exact kinematics of the DIS process at an
EIC would allow for more accurate extrac-
tion of the physics than is possible at RHIC
or the LHC. Because there is such a clear
correspondence between the physics of this
particular final state in e+A collisions to the
same in p+A collisions, this measurement is
an excellent testing ground for universality
of multi-gluon correlations.

The left plot in Fig. 3.18 shows predic-
tion in the CGC framework for di-hadron�'

correlations in deep inelastic e+p, e+Ca, and
e+Au collisions [189, 190, 191]. The calcula-
tions are made for Q2 = 1 GeV2 and include
a Sudakov form factor to account for gener-
ated radiation through parton showers; only
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Di-Hadron azimuthal correlations in eA 

Sensitive to transverse momentum dependence of the gluon distribution 

In particular to the saturation which is expected in the Color Glass Condensate theory 

Saturation predicts disappearance of the back-to-back correlations with increasing A

e+A ! e0 + h1 + h2 +X
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EIC, White paper
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Diffraction at HERA

10% events at HERA were of diffractive type


Large portion of the detector void of any particle activity: rapidity gap 

Proton stays intact despite undergoing violent collision with a 50 TeV electron (in 
its rest frame)
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Diffraction in electron - proton(nucleus)

t
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Momentum transfer at the 
proton vertex (target recoil)
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Diffractive system with mass Mx

Rapidity gap

In order for the rapidity gap to exist it needs to be mediated by the colorless exchange

Target is scattered elastically: elastic scattering  

It can also dissociate into a state Y with the same 
quantum numbers, but still separated from the rest of 

particles

Diffraction: a reaction characterized by a large rapidity gap in the final state
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Phase space (x,Q2) EIC-HERA in diffraction
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Far forward detectors at EIC
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548 11.6. FAR-FORWARD DETECTORS

Roman pots
(inside pipe)

Off-Momentum Detectors

B1apf dipole

B0 Silicon  
Detector

ZDC

B0pf dipole

Hadron beam 
coming from IP

Figure 11.86: Image of the Far-Forward IR and the associated detector components.
Image generated using Geant4+EicRoot.

Detector (x,z) Position [m] Dimensions q [mrad] Notes
ZDC (0.96, 37.5) (60cm, 60cm, 2m) q < 5.5 ⇠4.0 mrad at f = p

Roman Pots (2 stations) (0.85, 26.0) (0.94, 28.0) (25cm, 10cm, n/a) 0.0 < q < 5.5 10 s cut.
Off-Momentum Detector (0.8, 22.5), (0.85, 24.5) (30cm, 30cm, n/a) 0.0 < q < 5.0 0.4 < xL < 0.6
B0 Spectrometer (x = 0.19, 5.4 < z < 6.4) (26cm, 27cm, n/a) 5.5 < q < 13.0 ⇠20 mrad at f=0

Table 11.44: Summary of far-forward detector locations and angular acceptances for charged
hadrons, neutrons, photons, and light nuclei or nuclear fragments. In some cases, the an-
gular acceptance is not uniform in f, as noted in the table. For the three silicon detectors
(Roman Pots, Off-Momentum Detectors, and B0 spectrometer) a depth is not given, just the
2D size of the silicon plane. For the Roman Pots and Off-Momentum Detectors, the sim-
ulations have two silicon planes spaced 2m apart, while the B0 detectors have four silicon
planes evenly spaced along the 1.2m length of the B0pf dipole magnet bore. The planes have
a ”hole” for the passage of the hadron beam pipe that has a radius of 3.2cm.

light nuclei which are separated from the hadron beam by up to 5 mrad. The windows
on the pots through which protons or light nuclei can enter to be measured by the silicon
detectors are generally placed within 1 mm or so of the beam (depending on the beam
optics and hence the transverse beam size at the RP location), with safe distance being
defined as the “10 sx,y” region, where sx,y is the transverse size of the beam in x and y.
Fig. 11.87 shows a cartoon sketch of the basic concept being considered, but note that
the stainless steel pots themselves are not shown in the cartoon. In this section, basic
requirements for the sensors will be discussed first, and technology appropriate for use in
the EIC diffractive physics program will be discussed at the end.

Basic Requirements for Roman Pots

In general, the Roman Pots need to have both the necessary acceptance and resolution
to carry out the diffractive physics program at the EIC. The acceptance is driven by the

Detector Angle Position [m]
ZDC  θ<5.5 mrad 37.5

Roman Pots 0.5<θ<5.0 mrad 26.0, 28.0
Off-momentum detectors θ<5.0 mrad 22.5, 25.5

B0 6.0<θ<20.0 mrad 5.4<z<6.4
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Final proton tagging
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Small angle acceptance i.e. Roman pots

Much better than at HERA 

Best way to select diffractive events through proton tagging
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Figure 1: A diagram of a di↵ractive NC event in deep inelastic process together with the
corresponding variables, in the one-photon exchange approximation. The large rapidity gap is
between the system X and the scattered proton Y (or its low mass excitation).

range in new machines, and in 3.3 the method to obtain the projected pseudodata with errors86

is discussed. In Sec. 4 we present our fitting methodology and the potential for constraining87

of the di↵ractive parton densities by both machines. Sec. 5 is devoted to the prospects of the88

di↵ractive deep inelastic in nuclei. Finally we summarize our findings in Sec. 6.89

2 Di↵ractive cross section and di↵ractive PDFs90

In Fig. 1 we show the diagram depicting a neutral current di↵ractive deep inelastic event.91

Charged currents could also be considered and they were measured at HERA [10] but with large92

statistical uncertainties and in a very restricted region of phase space. Although they could be93

measured at both the LHeC and the FCC-eh with larger statistics and more extended kinematics,94

in this first study we limit ourselves to neutral currents. The incoming electron(positron) with95

four momentum k scatters o↵ the proton, with incoming momentum p, and the interaction96

proceeds through the exchange of a virtual photon with four-momentum q. The kinematic97

variables for an such event include the standard deep inelastic variables98

Q2 = �q2 , x =
�q2

2p · q
, y =

p · q

p · k
, (1)

where Q2 is the (minus) photon virtuality, x is the Bjorken variable and y the inelasticity of the99

process. In addition, the variables100

s = (k + p)2 , W 2 = (q + p)2 , (2)

are the electron-proton center-of-mass energy squared and the photon-proton center-of-mass101

energy squared, respectively. The distinguishing feature of the di↵ractive event ep ! eXY102

is the presence of the large rapidity gap between the di↵ractive system, characterized by the103

invariant mass MX and the final proton (or its low-mass excitation) Y with four momentum p0.104

In addition to the standard DIS variables listed above, di↵ractive events are also characterized105

by an additional set of variables defined as106

t = (p� p0)2 , ⇠ =
Q2 +M2

X � t

Q2 +W 2
, � =

Q2

Q2 +M2
X � t

. (3)

3

(xL, p?)
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Pseudodata for σD(3) at EIC
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Inclusive diffraction on nuclei

29

Nuclear shadowing and diffraction are related (Gribov) 

Nuclear modification factors from the model by Frankfurt-Guzey-Strikman  

Two scenarios for high (H) and low (L) shadowing considered
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Elastic diffractive vector - meson production
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Figure 7: Differential cross section dσ/dt for elastic J/ψ production as a function of |t| a) in
four bins of Q2 in the range 40 < Wγp < 160GeV. 〈Q2〉 indicates the bin centre value in the
Q2 range considered. The inner error bars show the statistical error, while the outer error bars
show the statistical and systematic uncertainties added in quadrature. The solid lines show fits
to the data of the form dσ/dt ∝ ebt. The dashed curve shows the result of a fit proposed by
Frankfurt and Strikman [8]. Figures b) and c) show the photoproduction measurements in the
ranges 135 < Wγp < 235 GeV and 205 < Wγp < 305 GeV.

28

d�

dt
⇠ ebt

<latexit sha1_base64="RHis9csPuP3hhtB1Vqs8Dz+u6No=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFl047KCfUATy2QyaYfOJGHmRighWzf+ihsXirj1D9z5N07bLLT1wIUz59zL3HuCVHANjvNtVVZW19Y3qpu1re2d3T17/6Cjk0xR1qaJSFQvIJoJHrM2cBCslypGZCBYNxhfT/3uA1OaJ/EdTFLmSzKMecQpASMNbOxFitA89DQfSoKLPMRQYPOSmN3nARQDu+40nBnwMnFLUkclWgP7ywsTmkkWAxVE677rpODnRAGnghU1L9MsJXRMhqxvaEwk034+u6TAJ0YJcZQoUzHgmfp7IidS64kMTKckMNKL3lT8z+tnEF36OY/TDFhM5x9FmcCQ4GksOOSKURATQwhV3OyK6YiYaMCEVzMhuIsnL5POWcN1Gu7teb15VcZRRUfoGJ0iF12gJrpBLdRGFD2iZ/SK3qwn68V6tz7mrRWrnDlEf2B9/gCBjpoy</latexit><latexit sha1_base64="RHis9csPuP3hhtB1Vqs8Dz+u6No=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFl047KCfUATy2QyaYfOJGHmRighWzf+ihsXirj1D9z5N07bLLT1wIUz59zL3HuCVHANjvNtVVZW19Y3qpu1re2d3T17/6Cjk0xR1qaJSFQvIJoJHrM2cBCslypGZCBYNxhfT/3uA1OaJ/EdTFLmSzKMecQpASMNbOxFitA89DQfSoKLPMRQYPOSmN3nARQDu+40nBnwMnFLUkclWgP7ywsTmkkWAxVE677rpODnRAGnghU1L9MsJXRMhqxvaEwk034+u6TAJ0YJcZQoUzHgmfp7IidS64kMTKckMNKL3lT8z+tnEF36OY/TDFhM5x9FmcCQ4GksOOSKURATQwhV3OyK6YiYaMCEVzMhuIsnL5POWcN1Gu7teb15VcZRRUfoGJ0iF12gJrpBLdRGFD2iZ/SK3qwn68V6tz7mrRWrnDlEf2B9/gCBjpoy</latexit><latexit sha1_base64="RHis9csPuP3hhtB1Vqs8Dz+u6No=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFl047KCfUATy2QyaYfOJGHmRighWzf+ihsXirj1D9z5N07bLLT1wIUz59zL3HuCVHANjvNtVVZW19Y3qpu1re2d3T17/6Cjk0xR1qaJSFQvIJoJHrM2cBCslypGZCBYNxhfT/3uA1OaJ/EdTFLmSzKMecQpASMNbOxFitA89DQfSoKLPMRQYPOSmN3nARQDu+40nBnwMnFLUkclWgP7ywsTmkkWAxVE677rpODnRAGnghU1L9MsJXRMhqxvaEwk034+u6TAJ0YJcZQoUzHgmfp7IidS64kMTKckMNKL3lT8z+tnEF36OY/TDFhM5x9FmcCQ4GksOOSKURATQwhV3OyK6YiYaMCEVzMhuIsnL5POWcN1Gu7teb15VcZRRUfoGJ0iF12gJrpBLdRGFD2iZ/SK3qwn68V6tz7mrRWrnDlEf2B9/gCBjpoy</latexit><latexit sha1_base64="RHis9csPuP3hhtB1Vqs8Dz+u6No=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFl047KCfUATy2QyaYfOJGHmRighWzf+ihsXirj1D9z5N07bLLT1wIUz59zL3HuCVHANjvNtVVZW19Y3qpu1re2d3T17/6Cjk0xR1qaJSFQvIJoJHrM2cBCslypGZCBYNxhfT/3uA1OaJ/EdTFLmSzKMecQpASMNbOxFitA89DQfSoKLPMRQYPOSmN3nARQDu+40nBnwMnFLUkclWgP7ywsTmkkWAxVE677rpODnRAGnghU1L9MsJXRMhqxvaEwk034+u6TAJ0YJcZQoUzHgmfp7IidS64kMTKckMNKL3lT8z+tnEF36OY/TDFhM5x9FmcCQ4GksOOSKURATQwhV3OyK6YiYaMCEVzMhuIsnL5POWcN1Gu7teb15VcZRRUfoGJ0iF12gJrpBLdRGFD2iZ/SK3qwn68V6tz7mrRWrnDlEf2B9/gCBjpoy</latexit>

 momentum transfer at the proton 
vertex

Exponential fit

e p
a Bamboo

Tae TT f
t th que

e k Q2
elk't

r

O V ex yH Y

plp
I
0 plpl
t

t = (p� p0)2 < 0
<latexit sha1_base64="KidcV2a/s5yqVe21TBuj054wyf4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRaxHiy7RdCDQtGLxwr2A9q1ZNNsG5rNhiQrlKV/w4sHRbz6Z7z5b0zbPWj1wcDjvRlm5gWSM21c98vJLS2vrK7l1wsbm1vbO8XdvaaOE0Vog8Q8Vu0Aa8qZoA3DDKdtqSiOAk5bwehm6rceqdIsFvdmLKkf4YFgISPYWKlrrsryVB6fPFQv3V6x5FbcGdBf4mWkBBnqveJntx+TJKLCEI617niuNH6KlWGE00mhm2gqMRnhAe1YKnBEtZ/Obp6gI6v0URgrW8KgmfpzIsWR1uMosJ0RNkO96E3F/7xOYsILP2VCJoYKMl8UJhyZGE0DQH2mKDF8bAkmitlbERlihYmxMRVsCN7iy39Js1rx3Ip3d1aqXWdx5OEADqEMHpxDDW6hDg0gIOEJXuDVSZxn5815n7fmnGxmH37B+fgGsfeQJA==</latexit><latexit sha1_base64="KidcV2a/s5yqVe21TBuj054wyf4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRaxHiy7RdCDQtGLxwr2A9q1ZNNsG5rNhiQrlKV/w4sHRbz6Z7z5b0zbPWj1wcDjvRlm5gWSM21c98vJLS2vrK7l1wsbm1vbO8XdvaaOE0Vog8Q8Vu0Aa8qZoA3DDKdtqSiOAk5bwehm6rceqdIsFvdmLKkf4YFgISPYWKlrrsryVB6fPFQv3V6x5FbcGdBf4mWkBBnqveJntx+TJKLCEI617niuNH6KlWGE00mhm2gqMRnhAe1YKnBEtZ/Obp6gI6v0URgrW8KgmfpzIsWR1uMosJ0RNkO96E3F/7xOYsILP2VCJoYKMl8UJhyZGE0DQH2mKDF8bAkmitlbERlihYmxMRVsCN7iy39Js1rx3Ip3d1aqXWdx5OEADqEMHpxDDW6hDg0gIOEJXuDVSZxn5815n7fmnGxmH37B+fgGsfeQJA==</latexit><latexit sha1_base64="KidcV2a/s5yqVe21TBuj054wyf4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRaxHiy7RdCDQtGLxwr2A9q1ZNNsG5rNhiQrlKV/w4sHRbz6Z7z5b0zbPWj1wcDjvRlm5gWSM21c98vJLS2vrK7l1wsbm1vbO8XdvaaOE0Vog8Q8Vu0Aa8qZoA3DDKdtqSiOAk5bwehm6rceqdIsFvdmLKkf4YFgISPYWKlrrsryVB6fPFQv3V6x5FbcGdBf4mWkBBnqveJntx+TJKLCEI617niuNH6KlWGE00mhm2gqMRnhAe1YKnBEtZ/Obp6gI6v0URgrW8KgmfpzIsWR1uMosJ0RNkO96E3F/7xOYsILP2VCJoYKMl8UJhyZGE0DQH2mKDF8bAkmitlbERlihYmxMRVsCN7iy39Js1rx3Ip3d1aqXWdx5OEADqEMHpxDDW6hDg0gIOEJXuDVSZxn5815n7fmnGxmH37B+fgGsfeQJA==</latexit><latexit sha1_base64="KidcV2a/s5yqVe21TBuj054wyf4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRaxHiy7RdCDQtGLxwr2A9q1ZNNsG5rNhiQrlKV/w4sHRbz6Z7z5b0zbPWj1wcDjvRlm5gWSM21c98vJLS2vrK7l1wsbm1vbO8XdvaaOE0Vog8Q8Vu0Aa8qZoA3DDKdtqSiOAk5bwehm6rceqdIsFvdmLKkf4YFgISPYWKlrrsryVB6fPFQv3V6x5FbcGdBf4mWkBBnqveJntx+TJKLCEI617niuNH6KlWGE00mhm2gqMRnhAe1YKnBEtZ/Obp6gI6v0URgrW8KgmfpzIsWR1uMosJ0RNkO96E3F/7xOYsILP2VCJoYKMl8UJhyZGE0DQH2mKDF8bAkmitlbERlihYmxMRVsCN7iy39Js1rx3Ip3d1aqXWdx5OEADqEMHpxDDW6hDg0gIOEJXuDVSZxn5815n7fmnGxmH37B+fgGsfeQJA==</latexit>



Anna Staśto, Physics possibilities at future DIS facilities, September 22  2021

Elastic vector - meson production at EIC
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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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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.

52

DVCS provides access to GPD generalized 
parton distribution. Information on quarks 

Measurement of the t-dependence provides 
info on b-dependence
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Figure 7.43: Illustrations of three main processes which are sensitive to GPDs: (a) exclusive
electroproduction of a real photon, (b) TCS and (c) exclusive electroproduction of a meson.

by the struck parton and the squared four-momentum transferred to the target.
However, one does not have complete direct experimental access to this multidi-
mensional structure, since the dependence on x enters observables in nontrivial
convolutions with coefficient functions.

Since no single process is sufficient to determine GPDs fully, measurements of a va-
riety of processes and observables are necessary to maximally constrain them. Fits
of GPDs require educated choices of the fitting functions to incorporate the known
theoretical constraints of GPDs, that is, polynomiality, sum rules, and positivity —
see, e.g., Refs. [117,386–391] for a detailed account of the formalism and properties
of GPDs. Owing to QCD factorization theorems, a number of related processes are
complementary to disentangle the various GPDs and their flavor dependence —
see, e.g., Refs. [392–394] for recent works on the GPD phenomenology.

Phenomenology of GPDs

The cleanest way to probe GPDs is via deeply-virtual Compton scattering (DVCS),
i.e., g⇤N ! gN0, at high photon virtuality (Q2 > 1 GeV2) and low (squared)
momentum transfer (|t| ⌧ Q2), where the scattering happens from a single par-
ton [395]. Experimentally, we access DVCS by measuring the exclusive electro-
production of a real photon (see diagram (a) in Fig. 7.43). In this process the DVCS
amplitude interfers with the so-called Bethe-Heitler (BH) process, that corresponds
to the emission of the photon by the incoming or the outgoing electron and is ex-
actly calculable in QED once the nucleon electromagnetic form factors are known.
DVCS is well described theoretically, including higher orders in as, higher-twist
and target mass corrections — for a comprehensive review see, e.g., Ref. [392].

The DVCS cross section is parametrized in terms of Compton form factors (CFFs)
through which, however, the dependence on x is not directly accessible. CFFs
are complex functions whose real and imaginary parts are convolutions over x of
the GPDs with a hard kernel, systematically computable in perturbative QCD. At

dipole form to ⇠ 40%. To reach the 10% accuracy level, one must increase �t2 ⇠ 8GeV2,

which requires a big Q2 value to ensure the validity of DVCS kinematics. Fortunately, the

error, e.g., for 0.1 fm  b, gets already on the 10% level for �t2 ⇠ 3.5GeV2. Under these

circumstances, one may rely on extrapolation techniques, e.g., based on conformal mapping

or Padé approximation, to minimize the uncertainty. Note also that the uncertainty of

extrapolation into the {�t2,1] region may be also associated with a relative uncertainty

that grows fast with increasing b. In the following the uncertainty is calculated according to

(5.17) and estimate numerically by assuming two alternative hypotheses, namely, that the

t-dependence falls o↵ exponentially or with 1/t2, where for a given b value always the larger

uncertainty is taken. For simplicity we will neglect the uncertainty from the extrapolation

(interpolation) into the region {�t1, 0], which is entirely justified for b  1 fm and as it

would be hardly visible in the visualization of the parton densities for b  1.5 fm. Finally,

the uncertainty from the extrapolation into the large �t region was added in quadrature

to the one propagated from the (pseudo) data.
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Figure 17. Parton densities at x = 0.001 and Q2 = 4GeV2 versus impact parameter b were

obtained from a combined least-squares fit to the HERA collider and EIC pseudo data: relative

densities (lower row) and their values at bx = 0 for the unpolarized sea quark parton densities of

a unpolarized proton (left), a transversely polarized proton (middle), and the unpolarized gluon

parton density of a unpolarized proton (right), its value is rescaled by a factor 0.19.

In the left and right columns on Fig. 17 the sea quark and gluon parton densities (5.10)

at x = 10�3 and Q2 = 4GeV2 are shown as a relative density plot versus by and bx (lower

panels) and for bx = 0 as function of by (upper panels). Note, the gluon density is rescaled
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Figure 6.2: The kinematic coverage of the EIC for the DVCS process compared to other
DVCS experiments.

tively. But for the nucleon, and especially for the even lighter pions or kaons, such
3D distributions have no clean interpretation due to relativistic corrections. (Some
recent developments concerning 3D distributions can be found in Ref. [33]). This
problem does not arise for 2D distributions with the two dimensions being perpen-
dicular to the (average) momentum of the incoming and outgoing nucleons [34].
For instance, the 2D electric charge distribution of the nucleon is given by the Dirac
form factor through

r(bT) =
Z d2DT

(2p)2 F1(Q2 = D2
T) e�i DT · bT , (6.2)

where DT denotes the total transverse momentum transfer to the target and bT
the transverse position (impact parameter). Section 7.2.1 outlines the prospects
for measuring electromagnetic form factors of the proton, the deuteron and light
mesons. The 2D charge distribution in Eq. (6.2) is related to the momentum-
fraction-dependent (x-dependent) impact parameter distributions for individual
quarks q(x, bT) according to

r(bT) = Â
q

eq

Z
dx q(x, bT) , (6.3)

where eq is the quark charge in units of the elementary charge. The q(x, bT), and
related quark (and gluon) distributions that exist due to the polarization degree of
freedom of the nucleon and/or the partons, are the key quantities for the position-
space imaging of hadrons. It is very interesting that the q(x, bT) can be measured
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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
(right) and non-saturation (left) models are shown. The used input Woods-Saxon distribution
is shown as a reference in all four plots.

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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F (b) =

Z 1

0

q dq

2⇡
J0(qb)

r
d�coherent

dt
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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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LHeC conceptual design report and beyond
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CERN Referees!
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CDR 2012: commissioned by 
CERN, ECFA, NuPECC,


200 authors, 69 institutions 

CDR update 2020: 300 authors, 
156 institutions

arXiv:2007.14491arXiv:1206.2913

Further selected references:

• ‘On the relation of the LHeC and the LHC’ 
arXiv:1211.5102


• ‘The Large Hadron electron Collider’ 
arXiv:1305.2090


• ‘Dig Deeper’ Nature Physics 9 (2013) 448

• ‘Future Deep Inelastic Scattering with the 

LHeC’ arXiv:1802.04317
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Physics with LHeC and FCC-eh

ep/eA collider: cleanest high resolution 
microscope


Precision and discovery in QCD


Study of EW physics, multi-jet final states


Empower the LHC/FCC search programme


Transform the LHC/FCC into a high precision 
Higgs facility


Unique and complementary potential for the 
BSM particles (prompt and long lived)


Overall: a unique Particle and Nuclear 
Physics Facility
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Accelerator concepts for ep scattering 
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LHeC, PERLE and FCC-eh

50 x 7000 GeV2: 1.2 TeV ep collider

Operation: 2035+, Cost: O(1) BCHF

CDR: 1206.2913 J.Phys.G (550 citations)

Upgrade to 1034 cm-2s-1, for Higgs, BSM

CERN-ACC-Note-2018-0084 (ESSP)

arXiv:2007.14491, subm J.Phys.G

Powerful ERL for Experiments @ Orsay
CDR: 1705.08783 J.Phys.G
CERN-ACC-Note-2018-0086 (ESSP)

Operation: 2025+, Cost: O(20) MEuro

LHeC ERL Parameters and Configuration
Ie=20mA, 802 MHz SRF, 3 turns à
Ee=500 MeV à first 10 MW ERL facility

BINP, CERN, Daresbury, Jlab, Liverpool, Orsay (IJC), +
60 x 50000 GeV2: 3.5 TeV ep collider

Operation: 2050+, Cost (of ep) O(1-2) BCHF

Concurrent Operation with FCC-hh

FCC CDR: 
Eur.Phys.J.ST 228 (2019) 6, 474 Physics
Eur.Phys.J.ST 228 (2019) 4, 755 FCC-hh/eh

Future CERN Colliders: 1810.13022 Bordry+
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QCD parton densities at LHeC
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Figure 3.1: Impact of LHeC on the 1-� relative PDF uncertainties of the gluon, down quark, anti-up
quark and strangeness distributions, with respect to the PDF4LHC15 baseline set. Results for the LHeC,
HL-LHC and to their combination are shown.

the production of top quark pairs, inclusive jets, forward W + charm quark and direct photons,
as well as forward and high–mass Drell-Yan and the Z boson p? distribution were included.
It was found that PDF uncertainties on LHC processes can be reduced by a factor between
two and five, depending on the specific flavour combination and on the assumptions about the
experimental systematic uncertainties.

It is of course important to compare these constraints with those expected to come from the
LHeC itself, as well as those coming from a combined PDF fit to the HL-LHC and LHeC
datasets; this was studied in [36]. The basic procedure consists in generating HL-LHC and LHeC
pseudodata with the PDF4LHC15 set [37] and then applying Hessian PDF profiling [38, 39], in
other words a simplified version of a full refit, to this baseline to assess the expected impact of
the data. While the HL-LHC datasets are described above, for the LHeC pseudodata correspond
to the most recent publicly available o�cial LHeC projections, see Section 3.1.5, for electron
and positron neutral-current (NC) and charged-current (CC) scattering. As well as inclusive
data at di↵erent beam energies (Ep = 1, 7 TeV), charm and bottom heavy quark NC and charm
production in e

�
p CC scattering are included.

In Fig. 3.1 we show the expected impact of the HL-LHC, LHeC and their combination on the
PDF uncertainties of the gluon, down quark, anti–up quark and strangeness distributions. We
can see that at low x the LHeC data place in general by far the strongest constraint, in particular
for the gluon, as expected from its greatly extended coverage at small x. At intermediate x the
impact of the HL-LHC and LHeC are more comparable in size, but nonetheless the LHeC is
generally expected to have a larger impact. At higher x the constraints are again comparable in
size, with the HL-LHC resulting in a somewhat larger reduction in the gluon and strangeness
uncertainty, while the LHeC has a somewhat larger impact for the down and anti-up quark
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Figure 3.13: Gluon distribution at Q
2 = 1.9 GeV2 as a function of Bjorken x, highlighting (left) the

low x and (right) the high x regions. The yellow band corresponds to the “LHeC 1st Run” PDFs (D2),
while the dark blue shows the “LHeC full inclusive” PDFs (D4+D5+D7+D8), as described in the text.
Both LHeC PDFs shown are scaled to the central value of CT14.

can discover whether xg saturates, and whether the DGLAP equations need to be replaced by
non-linear parton evolution equations, as is also discussed in several Sections below.

At large x � 0.3 the gluon distribution becomes very small and large variations appear in its
determination from di↵erent PDF groups, di↵ering by orders of magnitude, which is related
to uncertainties on jet measurements, theoretical uncertainties, and the fact that HERA did
not have su�cient luminosity to cover the high x region where, moreover, the sensitivity to xg

diminishes, since the valence quark evolution is insensitive to it. For the LHeC, the sensitivity
at large x comes as part of the overall package: large luminosity allowing access to x values close
to 1, fully constrained quark distributions and strong constraints at small x which feed through
to large x via the momentum sum rule. The high precision illustrated will be crucial for BSM
searches at high scales. It is also important for testing QCD factorisation and scale choices, as
well as electroweak e↵ects.

It is worth noting that the uncertainties considered here are restricted to those related to the
genuine cross section measurement uncertainties. There are further uncertainties, for instance,
related to the di�culty of parameterising the PDFs and choosing the optimum solution in such
a fit analysis. These would also be considerably reduced with the LHeC extended data base as
was mentioned above. Moreover, the analysis presented here has not made use of the additional
information that can be provided at the LHeC in measurements of F

c,b

2 (see Sec 3.1.7) or FL. The
large x situation can be expected to further improve by using LHeC jet data, providing further,
direct constraints at large x which, however, have not yet been studied in any comparable detail.

The LHeC is the ideal laboratory to resolve all unknowns of the gluon density, which is the cause
for essentially all visible matter, and one of the particular secrets of particle physics for it cannot
directly be observed but is confined inside matter. It is obvious that resolving this puzzle is an
energy frontier DIS task and goal, including electron-ion scattering since the gluon inside heavy
matter is known even much less. Therefore, the special importance of this part of high energy
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✦Complete unfolding of parton contents in unprecedented 
kinematic range: u,d,s,c,b,t,g


✦Low x : novel QCD dynamics,  BFKL and/or saturation

✦Medium x: precision Higgs and EW

✦High x: new particle frontier

Range relevant for 
production of heavy 

states
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Determination of the strong coupling constant at LHeC
Strong coupling determined to permille accuracy (inclusive + jets)
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Novel dynamics at small x: resummation
Resummation at low x needed to stabilize the BFKL expansion
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Figure 5.5. Upper left: the values of �2
/Ndat in the NNPDF3.1sx global fits for the HERA NC inclusive

structure function data for di↵erent values of the cut Dcut Eq. (5.2), comparing the results of the NLO,
NLO+NLLx, NNLO, and NNLO+NLLx fits. Upper right: same comparison, now between the global
NNLO and NNLO+NLLx baseline fits with the NNLO+NLLx global fits with Hcut = 0.5 and 0.7 and
with the DIS-only fit. Bottom left: same as above for the HERA charm production data. Bottom right:
same as upper left, now with the saturation-inspired cut Eq. (5.4).

the �
2
/Ndat as a function of 1/Acut are shown in the bottom right panel of Fig. 5.5, and indeed

confirm that the trend is essentially the same, irrespectively of the specific details of how the
small-x and Q

2 data are cut.
In summary, the results collected in Fig. 5.5 clearly demonstrate the onset of BFKL dynamics

in the small-x and Q
2 region for both the inclusive and charm HERA data. Specifically, we find

that the use of NNLO+NLLx theory gives the best description of the HERA data in the small-x
region, while NNLO theory gives a significantly worse description. Moreover, our results also
allow us to determine the kinematic region where small-x resummation e↵ects start to become
phenomenologically relevant, thus providing useful guidance to estimate their reach at the LHC
as well as for future colliders.

5.2.2 Pull analysis

A complementary approach to further investigate the onset of BFKL dynamics in the low-x
region, and to make connection with the analysis of Refs. [65,66], is provided by the calculation
of the relative pull between experimental data and theory. This relative pull is defined as

P
rel
i (x,Q2) ⌘

���data,i � �th,i

��
(�data,i + �th,i)/2

, (5.5)

where the normalization is given by the average of central values. This estimator allows us to
quantify the absolute size of the di↵erences between data and theory in units of the cross-section
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Marked improvement of the quality of 
the fit at NNLO + small x resummation

Important consequences for the LHeC and FCC-eh: large differences!
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Figure 6.7. Predictions for the F2 and FL structure functions using the NNPDF3.1sx NNLO and
NNLO+NLLx fits at Q2 = 5 GeV2 for the simulated kinematics of the LHeC and FCC-eh. In the case
of F2, we also show the expected total experimental uncertainties based on the simulated pseudo-data,
assuming the NNLO+NLLx values as central prediction. A small o↵set has been applied to the LHeC
pseudo-data as some of the values of x overlap with the FCC-eh pseudo-data points. The inset in the left
plot shows a magnified view in the kinematic region x > 3⇥ 10�5, corresponding to the reach of HERA
data.

kinematic region covered by HERA are already comparable or larger than the size of the simu-
lated pseudo-data uncertainties. This suggests that the inclusion of the LHeC/FCC-eh data for
F2 into a global fit would also provide discrimination power between the two theories, even if
restricted to the HERA kinematic range. Finally, we see that di↵erences are more marked for
FL, with central values di↵ering by several sigma (in units of the PDF uncertainty) in a good
part of the accessible kinematic range. This is yet another illustration of the crucial relevance
of measurements of FL to probe QCD in the small-x region (as highlighted also by Fig. 5.2).

The comparisons of Fig. 6.7 do not do justice to the immense potential of future high-energy
lepton-proton colliders to probe QCD in a new dynamical regime. A more detailed analysis,
along the lines of Ref. [216], involves including various combinations of LHeC/FCC-eh pseudo-
data (�red

NC, FL, F
c

2 , etc.) into the PDF global analysis, allowing one to use the pseudo-data to
reduce the PDF uncertainties and to quantify more precisely the discriminating power for small-
x resummation e↵ects with various statistical estimators, generalizing the analysis of the HERA
data presented in Sect. 5. Such a program would illustrate the unique role of the LHeC/FCC-eh
in the characterization of small-x QCD dynamics, and would provide an important input to
strengthen the physics case of future high-energy lepton-proton colliders.

As a first step in this direction, we have performed variants of the NNPDF3.1sx fits including
various combinations of the LHeC and FCC-eh pseudo-data of �red

NC. Specifically, we have used
the LHeC (FCC-eh) pseudo-data on Ep = 7 (50) TeV + Ee = 60 GeV collisions, where the
central value of the pseudo-data has been assumed to correspond to the NNLO+NLLx predic-
tion computed with the corresponding resummed PDFs. All experimental uncertainties of the
pseudo-data have been added in quadrature. The fits have been performed at the DIS-only level,
since we have demonstrated in Sect. 5 that the small-x results are independent of the treatment
of the hadronic data. Here we will show results of the fits including both LHeC and FCC-eh
pseudo-data, other combinations lead to similar qualitative results.

First of all we discuss the fit results at the �
2
/Ndat level. For simplicity, we show only the

results of the HERA inclusive cross-sections as well as that of the LHeC and FCC-eh pseudo-
data: for all other experiments, the values presented in Table 4.1 are essentially unchanged. As
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Diffraction phase space EIC-HERA-LHeC-FCC-eh
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Prospects for diffraction

e p          Ep = 7 TeV,    Ee = 60 GeV,    L = 2 fb-1
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Diffractive reduced cross section at LHeC
Diffractive PDFs

• Substantial extension of diffractive kinematic regime 
• Precision measurement of inclusive diffraction already with 

very conservative luminosity 
• Improvement of diffractive PDFs by order of magnitude, 

precision checks of collinear and soft factorization  
• Diffraction in nuclei, relation between diffraction and 

shadowing 
• Charged currents, top contribution

x = ⇠�
<latexit sha1_base64="qV1WDsFVJxeY/AMM1n80y/ubOuk=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZIY2roQim5cVrAPbEKZTCft0MkkzEykJfQv3LhQxK1/486/cdJWUNEDFw7n3Mu99wQJo1JZ1odRWFldW98obpa2tnd298r7B20ZpwKTFo5ZLLoBkoRRTlqKKka6iSAoChjpBOOr3O/cEyFpzG/VNCF+hIachhQjpaW7yYU3oV5AFOqXK5Z5Xq86bhVapmXVbMfOiVNzz1xoayVHBSzR7JffvUGM04hwhRmSsmdbifIzJBTFjMxKXipJgvAYDUlPU44iIv1sfvEMnmhlAMNY6OIKztXvExmKpJxGge6MkBrJ314u/uX1UhXW/YzyJFWE48WiMGVQxTB/Hw6oIFixqSYIC6pvhXiEBMJKh1TSIXx9Cv8nbce0LdO+cSuNy2UcRXAEjsEpsEENNMA1aIIWwICDB/AEng1pPBovxuuitWAsZw7BDxhvn90akQo=</latexit><latexit sha1_base64="qV1WDsFVJxeY/AMM1n80y/ubOuk=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZIY2roQim5cVrAPbEKZTCft0MkkzEykJfQv3LhQxK1/486/cdJWUNEDFw7n3Mu99wQJo1JZ1odRWFldW98obpa2tnd298r7B20ZpwKTFo5ZLLoBkoRRTlqKKka6iSAoChjpBOOr3O/cEyFpzG/VNCF+hIachhQjpaW7yYU3oV5AFOqXK5Z5Xq86bhVapmXVbMfOiVNzz1xoayVHBSzR7JffvUGM04hwhRmSsmdbifIzJBTFjMxKXipJgvAYDUlPU44iIv1sfvEMnmhlAMNY6OIKztXvExmKpJxGge6MkBrJ314u/uX1UhXW/YzyJFWE48WiMGVQxTB/Hw6oIFixqSYIC6pvhXiEBMJKh1TSIXx9Cv8nbce0LdO+cSuNy2UcRXAEjsEpsEENNMA1aIIWwICDB/AEng1pPBovxuuitWAsZw7BDxhvn90akQo=</latexit><latexit sha1_base64="qV1WDsFVJxeY/AMM1n80y/ubOuk=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZIY2roQim5cVrAPbEKZTCft0MkkzEykJfQv3LhQxK1/486/cdJWUNEDFw7n3Mu99wQJo1JZ1odRWFldW98obpa2tnd298r7B20ZpwKTFo5ZLLoBkoRRTlqKKka6iSAoChjpBOOr3O/cEyFpzG/VNCF+hIachhQjpaW7yYU3oV5AFOqXK5Z5Xq86bhVapmXVbMfOiVNzz1xoayVHBSzR7JffvUGM04hwhRmSsmdbifIzJBTFjMxKXipJgvAYDUlPU44iIv1sfvEMnmhlAMNY6OIKztXvExmKpJxGge6MkBrJ314u/uX1UhXW/YzyJFWE48WiMGVQxTB/Hw6oIFixqSYIC6pvhXiEBMJKh1TSIXx9Cv8nbce0LdO+cSuNy2UcRXAEjsEpsEENNMA1aIIWwICDB/AEng1pPBovxuuitWAsZw7BDxhvn90akQo=</latexit><latexit sha1_base64="qV1WDsFVJxeY/AMM1n80y/ubOuk=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZIY2roQim5cVrAPbEKZTCft0MkkzEykJfQv3LhQxK1/486/cdJWUNEDFw7n3Mu99wQJo1JZ1odRWFldW98obpa2tnd298r7B20ZpwKTFo5ZLLoBkoRRTlqKKka6iSAoChjpBOOr3O/cEyFpzG/VNCF+hIachhQjpaW7yYU3oV5AFOqXK5Z5Xq86bhVapmXVbMfOiVNzz1xoayVHBSzR7JffvUGM04hwhRmSsmdbifIzJBTFjMxKXipJgvAYDUlPU44iIv1sfvEMnmhlAMNY6OIKztXvExmKpJxGge6MkBrJ314u/uX1UhXW/YzyJFWE48WiMGVQxTB/Hw6oIFixqSYIC6pvhXiEBMJKh1TSIXx9Cv8nbce0LdO+cSuNy2UcRXAEjsEpsEENNMA1aIIWwICDB/AEng1pPBovxuuitWAsZw7BDxhvn90akQo=</latexit>

42



Anna Staśto, Physics possibilities at future DIS facilities, September 22  2021

Higgs physics at high energy ep collider
charged currentneutral current

Integrated lumi: LHeC  1 ab-1      FCC-eh  2 ab-1

• Cross section for NC and CC Higgs 
production through vector boson 
fusion makes study possible with 
foreseen luminosities


•  Large Higgs dataset for precision 
measurements.

43



Anna Staśto, Physics possibilities at future DIS facilities, September 22  2021

Higgs couplings: ep+pp combination

✦ HL-LHC and LHeC analyzed jointly

✦ Evident substantial improvement to HL-LHC by addition of ep

✦ Leads to precision of 1% for most couplings

✦ LHeC adds charm with precision of 3-4%, which is likely not accessible at HL-LHC

✦ Results comparable (or better) with ILC 250 GeV (2 ab-1) , less precise than ILC 500 GeV (4 ab-1)
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Κi  : coupling strength 
modified parameters

Powerful method to 
parametrise possible 
deviations from SM 

couplings

Can directly compare the 

different colliders
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EW Physics:  sin2 θW

● Direct constraints on                    
through higher order corrections:


● Scale dependence through 
simultaneous fits with PDFs.


● Indirect measurements through 
improving LHC measurements (FB 
asymmetries).

sin2 ✓e↵W
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LHeC PDFs
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LHeC as eA collider
• eA collisions at LHeC/FCC-eh: region presently explored in DIS extended 

by 4 decades down in x and Q2 
• Determination of inclusive and diffractive nuclear parton densities for a 

single nucleus, with flavour unfolding. 
•  Studies of transverse structure: 3D picture 
• Saturation (ep & eA, nuclear enhancement). 
•  Flavour dependent anti shadowing, Gribov relation with diffraction,… 
• with strong implications on the pA/AA programmes at the HL-LHC and 

FCC-hh.
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Relative uncertainties for 
nuclear modification factor
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Summary

47

Deep Inelastic Scattering continues to be primary process to explore the details of 
the hadronic structure with unmatched precision. 

Complementary to electron-positron and hadron-hadron colliders. 

Short term future: COMPASS/AMBER upgrades. Semi-inclusive DIS on polarized 
deuterons; elastic muon-proton scattering, measurement on proton radius. 

Intermediate future: Electron Ion Collider, high luminosity machine. Precision 
measurements of  nuclear structure functions, 3D tomography, spin physics. 

Long term: higher energies, LHeC, FCC-eh.  Very low Bjorken x, potential to 
unravel novel QCD dynamics, performing precision Higgs and EW physics. 

Opportunities to utilize existing physics accelerators (RHIC→EIC, LHC→LHeC, 
FCC→FCC-eh) and maximize their potential while keeping the overall costs down.


