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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]



Epiphany Conference, Kraków, Poland, 19 January 2023

Outline
➤ Motivation for eA Deep Inelastic Scattering in TeV range


➤ LHeC and FCC-eh kinematics


➤ Example of simulations for eA in TeV range:


➤ Constraints on nuclear Parton Distribution Functions (nPDFs)


➤ Novel QCD dynamics in ep/eA at large A and/or small x


➤ Heavy Flavors


➤ Inclusive diffraction


➤ Exclusive vector meson production 


➤ Hadronization and fragmentation


➤ Azimuthal decorrelation
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LHeC Conceptual Design Report and beyond
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CERN Referees!
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arXiv:1206.2913 arXiv:2007.14491

CDR 2012: commissioned by 

CERN, ECFA, NuPECC

200 authors, 69 institutions

CDR update 2020

300 authors, 156 institutions

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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Accelerator concepts for electron-proton collisions
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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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eA parameters

Integrated lumi. in 10 y. (fb-1) ~~ 6 15 45

CERN-ACC-2017-0019

100 times larger luminosity than HERA, full HERA 
integrated luminosity in less than a month.
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Nuclear physics in eA :complementarity to pA, AA at LHC
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Precision measurement of the initial state. 


Nuclear structure functions.


Particle production in the early stages.  


Factorization eA/pA/AA.


Modification of the QCD radiation and hadronization in the nuclear medium. 

Heavy ion collisions
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Nuclear shadowing 2

1. Introduction

The fact that nuclear structure functions in nuclei are different from the superposition

of those of their constituents nucleons is a well known phenomenon since the early

seventies, see references in the reviews [1, 2]. For example, for F2 the nuclear ratio is
defined as the nuclear structure function per nucleon divided by the nucleon structure

function,

RA
F2

(x, Q2) =
F A

2 (x, Q2)

A F nucleon
2 (x, Q2)

. (1)

Here‡, A is the nuclear mass number (number of nucleons in the nucleus). The variables
x and Q2 are defined as usually in leptoproduction or deep inelastic scattering (DIS)

experiments: in the scattering of a lepton with four-momentum k on a nucleus with four-

momentum Ap mediated by photon exchange (the dominant process at Q2 ! m2
Z0 , m2

W

where most nuclear data exist),

l(k) + A(Ap) −→ l(k′) + X(Ap′),

q = k − k′, W 2 = (q + p)2, x =
−q2

2p · q
=

−q2

W 2 − q2 − m2
nucleon

, (2)

see Fig. 1. The variable x has the meaning of the momentum fraction of the nucleon in
the nucleus carried by the parton with which the photon has interacted. Q2 = −q2 > 0

represents the squared inverse resolution of the photon as a probe of the nuclear content.

And W 2 is the center-of-mass-system energy of the virtual photon-nucleon collision

(lepton masses have been neglected and mnucleon is the nucleon mass), see e.g. [3] for full

explanations. The nucleon structure function is usually defined through measurements

on deuterium, F nucleon
2 = F deuterium

2 /2, assuming nuclear effects in deuterium to be
negligible.

The behaviour of RA
F2

(x, Q2) as a function of x for a given fixed Q2 is shown

schematically in Fig. 2. It can be divided into four regions§:

• RA
F2

> 1 for x ! 0.8: the Fermi motion region.

• RA
F2

< 1 for 0.25 ÷ 0.3 " x " 0.8: the EMC region (EMC stands for European

Muon Collaboration).

• RA
F2

> 1 for 0.1 " x " 0.25 ÷ 0.3: the antishadowing region.

• RA
F2

< 1 for x " 0.1: the shadowing region.

This review will be focused in the small x region i.e. that of shadowing, see [1, 2]

for discussions on the other regions‖. The most recent experimental data [4, 5, 6, 7, 8, 9]

‡ Sometimes the ratio of nuclear ratios is used e.g. R(A/B) = RA
F2

/RB
F2

.
§ Note that the deviation of the nuclear F2-ratios from one in all four regions of x, is sometimes referred
to as the EMC effect. I use this notation only for the depletion observed for 0.25 ÷ 0.3 " x " 0.8.
‖ The region of Fermi motion is explained by the Fermi motion of the nucleons. For the EMC region
there exist several explanations: nuclear binding, pion exchange, a change in the nucleon radius,. . . The
antishadowing region is usually discussed as coming from the application of sum rules for momentum,
baryon number,. . .
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Figure 1. Diagram of leptoproduction on a nucleus through virtual photon exchange.
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Figure 2. Schematic behaviour of RA
F2

(x, Q2) as a function of x for a given fixed Q2.

(see [1, 2, 10, 11, 12] for previous experimental results), confined to a limited region of
not very low x and small or moderate Q2 (and with a strong kinematical correlation

between small x and small Q2, see Fig. 3), indicate that: i) shadowing increases with

decreasing x, though at the smallest available values of x the behaviour is compatible

with either a saturation or a mild decrease [8]; ii) shadowing increases with the mass

number of the nucleus [6]; and iii) shadowing decreases with increasing Q2 [7]. On

the other hand, the existing experimental data do not allow a determination of the
dependence of shadowing on the centrality of the collision.

In the region of small x, partonic distributions are dominated by sea quarks and

gluons. Thus isospin effects, partially corrected in practice by the use of deuterium as
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At an ep/eA collider:


➜ PDF of a single nucleus possible


➜ Same method of extraction in both ep and eA. 


➜ Physics beyond standard collinear factorisation can be studied in 
a single setup, with size effects disentangled from energy effects 

and a large lever arm in x at perturbative Q2. 
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● DIS offers:


● Complementarity to pA and UPC


●  A clean experimental environment: low 
multiplicity, no pileup, fully constrained 
kinematics;


●  A more controlled theoretical setup: 
many first-principles calculations in 
collinear and non-collinear frameworks.

Extension up to 4-5 orders of 
magnitude in x and Q2 wrt. 
existing DIS data, ~3 wrt EIC

DIS eA: kinematics
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➜ A clean experimental environment: low 
multiplicity, no pileup, fully constrained kinematics;
➜ A more controlled theoretical setup: many first-
principles calculations in collinear and non-
collinear frameworks.
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● Extension up to 4-5 orders 
of magnitude in x and Q2 wrt. 
existing DIS data; 2-3 wrt. 
EIC.
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Pseudodata

9

Ee (GeV) Eh (TeV/
nucleon)

Polarisatio
nn

Luminosity 
(fb-1)

NC/CC # data 
points

ep@LHeC, 1005 data points 
for Q2≥3.5 GeV2

60 (e-) 1 (p) 0 100 CC 93
60 (e-) 1 (p) 0 100 NC 136
60 (e-) 7 (p) -0.8 1000 CC 114
60 (e-) 7 (p) 0.8 300 CC 113
60 (e+) 7 (p) 0 100 CC 109
60 (e-) 7 (p) -0.8 1000 NC 159
60 (e-) 7 (p) 0.8 300 NC 159
60 (e+) 7 (p) 0 100 NC 157

ePb@LHeC, 484 data points 
for Q2≥3.5 GeV2

20 (e-) 2.75 (Pb) -0.8 0.03 CC 51
20 (e-) 2.75 (Pb) -0.8 0.03 NC 93
26.9 (e-) 2.75 (Pb) -0.8 0.02 CC 55
26.9 (e-) 2.75 (Pb) -0.8 0.02 NC 98
60 (e-) 2.75 (Pb) -0.8 1 CC 85
60 (e-) 2.75 (Pb) -0.8 1 NC 129

ep@FCC-eh, 619 data points 
for Q2≥3.5 GeV2

20 (e-) 7 (p) 0 100 CC 46
20 (e-) 7 (p) 0 100 NC 89
60 (e-) 50 (p) -0.8 1000 CC 67
60 (e-) 50 (p) 0.8 300 CC 65
60 (e+) 50 (p) 0 100 CC 60
60 (e-) 50 (p) -0.8 1000 NC 111
60 (e-) 50 (p) 0.8 300 NC 110
60 (e+) 50 (p) 0 100 NC 107

ePb@FCC-eh, 150 data points 
for Q2≥3.5 GeV2

60 (e-) 20 (Pb) -0.8 10 CC 58
60 (e-) 20 (Pb) -0.8 10 NC 101
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pPb@LHC

● Pseudodata generated using a code (Max Klein) 
validated with the H1 MC.


● Cuts: |ηmax|=5, 0.95< y< 0.001.


● Error assumptions ~ factor 2 better than at HERA 
(luminosity uncertainty kept aside).


● Stat./syst. errors (ePb@FCC-eh) from 0.1/1.2% 
(small x, NC) to 37/6% (large x & Q2, CC).
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EPPS16*: simulation
uv

dbar

dv ubar

sbar g

● nCTEQ15 vs. 
EPPS16: note the 
parametrisation 
bias.

● EPPS16-like analysis updated, with the same data sets plus LHeC NC, CC and charm reduced 
cross sections.


● Central values generated using EPS09.


● Same methods and tolerance as in EPPS16, but more flexible functional


form at small x.

EPPS16* setup
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EPPS16*: results

12

● Large effect of NC+CC LHeC pseudodata, and of charm on the glue at small x.


● Limitation on u/d decomposition inherent to almost isospin symmetric nuclei 
(u/d difference suppressed by 2Z/A-1).



Epiphany Conference, Kraków, Poland, 19 January 2023

EPPS16*: results

12

● Large effect of NC+CC LHeC pseudodata, and of charm on the glue at small x.


● Limitation on u/d decomposition inherent to almost isospin symmetric nuclei 
(u/d difference suppressed by 2Z/A-1).



Epiphany Conference, Kraków, Poland, 19 January 2023

EPPS16*: results

12

● Large effect of NC+CC LHeC pseudodata, and of charm on the glue at small x.


● Limitation on u/d decomposition inherent to almost isospin symmetric nuclei 
(u/d difference suppressed by 2Z/A-1).



Epiphany Conference, Kraków, Poland, 19 January 2023

EPPS16*: results

12

● Large effect of NC+CC LHeC pseudodata, and of charm on the glue at small x.


● Limitation on u/d decomposition inherent to almost isospin symmetric nuclei 
(u/d difference suppressed by 2Z/A-1).



Epiphany Conference, Kraków, Poland, 19 January 2023

EPPS16*: results

12

● Large effect of NC+CC LHeC pseudodata, and of charm on the glue at small x.


● Limitation on u/d decomposition inherent to almost isospin symmetric nuclei 
(u/d difference suppressed by 2Z/A-1).



Epiphany Conference, Kraków, Poland, 19 January 2023

EPPS16*: results

12

● Large effect of NC+CC LHeC pseudodata, and of charm on the glue at small x.


● Limitation on u/d decomposition inherent to almost isospin symmetric nuclei 
(u/d difference suppressed by 2Z/A-1).



Epiphany Conference, Kraków, Poland, 19 January 2023

EPPS16*: results

12

● Large effect of NC+CC LHeC pseudodata, and of charm on the glue at small x.


● Limitation on u/d decomposition inherent to almost isospin symmetric nuclei 
(u/d difference suppressed by 2Z/A-1).



Epiphany Conference, Kraków, Poland, 19 January 2023 13

xFitter simulation
Extraction of Pb PDFs by fitting NC+CC pseudodata using xFitter

Uncertainties coming only from experimental precision

No parametrisation or theory uncertainties

Only data with Q2≥3.5 GeV2, initial evolution scale 1.9 GeV2.


 16

xFitter: results
● Large improvements at 
all x, particularly for the 
glue, but note the different 
tolerances.

● Fit to a single nucleus 
possible: get rid of A-
parametrizations, precise 
tests of factorisation.

● Possible further 
improvements: charm, 
beauty, c-tagged CC for 
strange, more flexible 
functional forms at small x?
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Large reduction of uncertainty at all x.


Possible further improvements : charm, beauty, CC with tagged charm for strange distribution
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Heavy flavors: LHeC simulation

14

Possibility of precision measurements of heavy flavors in eA DIS at LHeC.
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Heavy flavors: LHeC simulation

15

Extraction of strange quark distribution in eA through CC interaction.
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Novel QCD dynamics at low x and/or large A

16

• At small x the linear evolution gives strongly rising 
gluon density.


• Parton evolution needs to be modified to include 
potentially very large logs, resummation of log(1/x)


• Further increase in the energy could lead to the 
importance of the recombination effects. 


• Modification of parton evolution by including non-
linear or saturation effects in the parton density. •  Somewhere & somehow, the low x growth of cross sections 

must be tamed to satisfy unitarity … non-linear effects  
… new high density, small coupling parton regime of non-linear 
parton evolution dynamics (e.g. Colour Glass Condensate)? … 
… gluon dynamics ! confinement and hadronic mass generation 
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ep/eA at LHeC/FCC-eh allows to test novel QCD dynamics 


( resummation + parton saturation ) through two-prong approach: 


low x and large A
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Novel dynamics at small x : resummation

17

Large differences in the parton density at low x.


Essential for LHeC and  FCC-eh

the projected error bar on the reduced cross section or structure function F2 which could be
measured at LHeC. For comparison, the simulated pseudodata for F2 are shown together with
the expected experimental uncertainties. The total uncertainties of the simulated pseudodata
are at the few percent level at most, and are therefore much smaller than the uncertainties
coming from the PDFs in most of the kinematic range.

It is evident that fits to the LHeC data will have power to discriminate between the di↵erent
frameworks. In the right plot in Fig. 4.7, the predictions for the longitudinal structure function
are shown. We see that in the case of the FL structure function, the di↵erences between the
fixed order and resummed predictions are even larger, consistently over the entire range of x.
This indicates the importance of the measurement of the longitudinal structure function FL

which can provide further vital constraints on the QCD dynamics in the low x region due to its
sensitivity to the gluon density in the proton.

To further illustrate the power of a high energy DIS collider like the LHeC in exploring the
dynamics at low x, fits which include the simulated data were performed. The NNLO+NLLx
resummed calculation was used to obtain the simulated pseudodata, both for the LHeC, in a
scenario of a 60 GeV electron beam on a 7 TeV proton beam as well as in the case of the FCC-eh
scenario with a 50 TeV proton beam. All the experimental uncertainties for the pseudodata have
been added in quadrature. Next, fits were performed to the DIS HERA as well as LHeC and
FCC-eh pseudodata using the theory with and without the resummation at low x. Hadronic
data like jet, Drell-Yan or top, were not included for this analysis but, as demonstrated in [246],
these data do not have much of the constraining power at low x, and therefore the results of
the analysis at low x are independent of the additional non-DIS data sets. The quality of the
fits characterised by the �

2 was markedly worse when the NNLO DGLAP framework was used
to fit the HERA data and the pseudodata from LHeC and/or FCC-eh than was the case with
resummation. To be precise, the �

2 per degree of freedom for the HERA data set was equal to
1.22 for the NNLO fit, and 1.07 for the resummed fit. For the case of the LHeC/FCC-eh the �

2

per degree of freedom was equal to 1.71/2.72 and 1.22/1.34 for NNLO and NNLO+resummation
fits, respectively. These results demonstrate the huge discriminatory power of the new DIS
machines between the DGLAP and resummed frameworks, and the large sensitivity to the low
x region while simultaneously probing low to moderate Q

2 values.
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Figure 4.8: Comparison between the gluon (left plot) and the quark singlet (right plot) PDFs in the
NNPDF3.1sx NNLO+NNLx fits without (blue hatched band) and with the LHeC+FCC-eh pseudodata
(orange band) on inclusive structure functions. For completeness, we also show the results of the corre-
sponding NNPDF3.1sx NNLO fit with LHeC+FCC-eh pseudodata (green hatched band). Figure taken
from Ref. [246].

In Fig. 4.8 the comparison of the gluon and quark distributions from the NNLO + NLLx fits is

83

Resummation at low x needed to stabilize BFKL expansion


Fits to HERA data: DGLAP + resummation, improve the description at low x

Ball, Bertone, Bonvini, Marzani, Rojo, Rottoli
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Novel dynamics at small x : resummation
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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

53

F2 FL

Important consequences for LHeC and FCC-eh


20-40% difference of central  values for F2


Factor 2  to  4 for FL


DGLAP fit will likely fail at the LHeC range


Resummation mandatory for LHeC and FCC-eh
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Testing saturation through inclusive structure functions 
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8

(a) F2 (b) FL

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

Au as a function of x at Q2
= 10Q2

s(x). The black dashed curve

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

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

(a) F2 (b) FL

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

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

197
Au as a function of x and Q2

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

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

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

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

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

Heavy nucleus: difference between DGLAP and nonlinear, 10% for F2 and 60% for FL


Longitudinal structure function can provide additional good sensitivity to saturation


Study differences in evolution between  linear DGLAP evolution and nonlinear evolution with saturation

Matching of both approaches in the region where saturation effects expected to be small

Quantify differences away from the matching region: differences in evolution dynamics

6

(a) F2 (b) FL

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

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

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

III. RESULTS

A. Proton

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

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

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

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

the relative di↵erence

FBK
2,L � FRew

2,L

FBK
2,L

(13)

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

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

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

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

s(x) � Q2
0, where Q2

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

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

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

Armesto, Lappi,Mantysaari,PaukkunenmTevio
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Diffraction in eA

20

coherent incoherent

Diffraction: event in hadronic collisions characterized by the large rapidity gap, void of any activity


From theoretical perspective: requires exchange of colorless object in the t-channel


Diffraction on nuclei: possible coherent (nucleus stays intact) or incoherent (nucleus breaks but still 
rapidity gap present)
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Inclusive diffraction

xBj = xIP �

Inclusive Diffraction at LHeC and FCC-eh

• Low xIP à cleanly separate diffraction
• Low b à Novel low x effects
• High Q2 à Lever-arm for gluon,flavour decomposition
• Large Mx à Jets, heavy flavours, W/Z … 
• Large ET à Precision QCD with jets …

à Diffractive structure
in wider (b,Q2) range than
proton (x,Q2) range at HERA  

32

⇠ = xIP
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e p          Ep = 7 TeV,    Ee = 60 GeV,    L = 2 fb-1
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High quality data for inclusive diffraction on protons. The same could be done for nuclei.


Precise extraction of diffractive PDFs

Tests of factorization in QCD

First extraction of diffractive PDFs in eA


Gluon DPDF error bands from 5% simulations
Q2

min ≈ 5 GeV2,  ξmax = 0.1,  CL = 68%,  δnorm = 0

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

10-5 10-4 10-3 10-2 10-1

H
ER

A

zg

z

ZEUS-SJ
Ep = 7

Ep = 50

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

10-5 10-4 10-3 10-2 10-1

μ2 = 6 GeV2
-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

10-5 10-4 10-3 10-2 10-1

H
ER

A

z

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

10-5 10-4 10-3 10-2 10-1

μ2 = 20 GeV2

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

10-5 10-4 10-3 10-2 10-1

H
ER

A

zg

z

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

10-5 10-4 10-3 10-2 10-1

μ2 = 60 GeV2
-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

10-5 10-4 10-3 10-2 10-1

H
ER

A

z

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

10-5 10-4 10-3 10-2 10-1

μ2 = 200 GeV2

DPDFs uncertainty reduction by 
pseudodata of LHeC and FCC-eh



Epiphany Conference, Kraków, Poland, 19 January 2023 22

Inclusive diffraction: nuclei
e Pb         EPb/A = 2.76 TeV,    Ee = 60 GeV,    L = 2 fb-1
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Similar high quality data for diffraction in eA


Possible extraction of diffractive nuclear PDFs for the first 
time!


Pb208 FGS-2018         F2 FL  nucl. suppr.   at Q2 = 10
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Examples of nuclear ratios for structure functions


In different scenarios for Frankfurt, Guzey, Strikman model.
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Elastic diffraction of vector mesons
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Figure 3.23: Di↵erential cross section for the elastic J/ production as a function of |t| within the
IP-Sat (saturation), b-CGC and 1-Pomeron models at a fixed W�p = 1TeV, which corresponds to the
LHeC kinematics, and for two di↵erent values of photon virtuality Q = 0 and Q

2 = 10 GeV2. The
thickness of points includes the uncertainties associated with the freedom to choose di↵erent values for
the charm quark mass within the range mc = 1.2 � 1.4 GeV.

slope parameters Bg and BCGC, which control the b -dependence in both models, were fitted to
obtain the best description of elastic di↵ractive J/ production, in particular its t-dependence,
at small values of t.

In Figs. 3.23 and 3.24 we show the simulated di↵erential cross section d�/dt as a function of |t|
and study its variation with energy and virtuality, and its model dependence. First, in Fig. 3.23
we show the di↵erential cross section as a function of t for fixed energy W = 1TeV, in the case of
the photoproduction of J/ (left plot) and for the case of DIS with Q

2 = 10 GeV2 (right plot).
The energy W corresponds to the LHeC kinematics. There are three di↵erent calculations in
each plot, using the IP-sat model, the b-CGC model and the 1-Pomeron approximation. The
last one is obtained by keeping just the first non-trivial term in the expansion of the eikonalised
formula of the IP-Sat amplitude (3.26). First, let us observe that all three models coincide
for very low values of t, where the dependence on t is exponential. This is because for low
|t|, relatively large values of impact parameter are probed in Eq. (3.24) where the amplitude
is small, and therefore the tail in impact parameter is Gaussian in all three cases. Since the
Fourier transform of the Gaussian in b is an exponential in t, the result at low t follows. On
the other hand, the three scenarios di↵er significantly for large values of |t|. In the case of the
1-Pomeron approximation the dependence is still exponential, without any dips, which is easily
understood since the impact parameter profile is perfectly Gaussian in this case. For the two
other scenarios, dips in d�/dt as a function in t emerge. They signal the departure from the
Gaussian profile in b for small values of b where the system is dense. A similar pattern can be
observed when performing the Fourier transform of the Wood-Saxon distribution, which is the
typical distribution used for the description of the matter density in nuclei. When Q

2 is increased
the pattern of dips also changes. This is illustrated in Fig. 3.23. It is seen that the dips move to
higher values of |t| for DIS than for photoproduction. This can be understood from the dipole
formula Eq. (3.24) which contains the integral over the dipole size. Larger values of Q

2 select

68

Precision t, W and Q2 dependence of vector mesons
Example : tests of saturation from the slope in t  

One of the best processes to 
test for novel small x dynamics

V

Advantage over UPC:


Q2 dependence
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Possibility of using the same principle to learn about the gluon distribution in the nucleus. 
Possible nuclear resonances at small t?

t-dependence: characteristic dips.

Challenges: need to distinguish between coherent and incoherent 
diffraction. Need dedicated instrumentation, zero degree 
calorimeter.

Energy dependence for 
different targets.

Exclusive diffraction on nuclei
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Exclusive diffraction on nuclei
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Energy and scale dependence of the position of dips in |t|. Provides information 
about nuclear structure. Can perform similar measurements on proton target to 
estimate the saturation in proton vs nuclei. Challenging experimentally.
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Fragmentation and hadronization
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20

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

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

Radiation and hadronization:

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

Physics at low xBj and in eA: 2. Highlights.
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● Low energy: hadronization 
inside → formation time, (pre-)
hadronic absorption,...

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

Radiation and hadronization:

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

Physics at low xBj and in eA: 2. Highlights.

Low energy: hadronization inside High energy: partonic evolution 
altered in nuclear medium

• LHeC can provide information on radiation, fragmentation  and hadronization.

• Large lever arm in energy allows probing different timescales: parton radiation, pre-hadron formation, 

hadron. 

• Different stages can happen inside or outside nuclear matter depending on the energy of the parton.

• Important for heavy ion collisions .

z = Eh/⌫
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Azimuthal decorrelation
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Azimuthal correlations:

23

● Dihadron azimuthal decorrelation:
currently discussed at RHIC as
suggestive of saturation.
● To be studied far from kinematical limits.

h-h in ePb

pTlead>3 GeV
pTass>2 GeV
zlead=zass=0.3

y=0.7
Q2=4 GeV2 

central-forward exclusive dijets in ep/eA, 
1511.07452

xA<<xp ΔΦ=Φ12

���e
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● Dihadron azimuthal decorrelation:
currently discussed at RHIC as
suggestive of saturation.
● To be studied far from kinematical limits.

h-h in ePb

pTlead>3 GeV
pTass>2 GeV
zlead=zass=0.3

y=0.7
Q2=4 GeV2 

central-forward exclusive dijets in ep/eA, 
1511.07452

xA<<xp ΔΦ=Φ12

���e

Azimuthal decorrelation of dijets or 
hadrons


Can be used to test the saturation 
effects at low x


Sensitivity to the transverse momentum 
dependence of the unintegrated gluon 
distribution in the nucleus


h1

h2
�12
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Summary

•The LHeC and FCC-eh will explore a completely new region in (x,Q) for eA 
collisions. Enlarge the kinematic space by 4 orders of magnitude over what was 
previously measured in DIS.


•Precise determination of nuclear PDFs which cannot be matched at hadron colliders.


•Coupled with ep, would allow to test the saturation at low x and with different A 
dependence. Test two-pronged approach to saturation: large A and/or small x.


•Precise measurements of heavy flavors in eA.


•Exclusive VM diffractive production would allow to explore the nuclear structure in 
impact parameter.


•New possibilities for the inclusive diffraction: extraction of nuclear diffractive parton 
densities. Checks of QCD factorization and relation between diffraction in ep and 
shadowing in eA.


•Other processes studied: azimuthal decorrelations,  radiation and hadronization.


