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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]



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)


• Heavy Flavors


• Exclusive vector meson production 


• Inclusive diffraction
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More talks/posters on LHeC/FCC-eh:  Amanda Sarkar  
(Precision QCD), Uta Klein (Higgs),  

Christian Schwanenberger (top & EW), Max Klein (Detector R&D, poster), Anna 
Stasto(Diffraction ,poster)



Nuclear physics in eA 
complementarity to pA, AA at LHC

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. 
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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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Machines:
● 60 GeV e- (ERL) against the (HL/
HE-)LHC/FCC hadron beams: eA to 
run either concurrently with pA/AA or 
in dedicated mode.

PERLE at Orsay



�5

Machines:
● 60 GeV e- (ERL) against the (HL/
HE-)LHC/FCC hadron beams: eA to 
run either concurrently with pA/AA or 
in dedicated mode.

eD at LHEC: 
LeN=ALeA>∼3×1031 cm-2s-1 

(old CDR number)

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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● DIS offers:

➜ 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.

0.001<y<1

eA

pA

UPCs
1605.01389

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

DIS eA: kinematics



Pseudodata:
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Ee (GeV) Eh (TeV/nucleon) Polarisation 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



Pseudodata:
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● 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

● 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*: 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
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● 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).
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EPPS16*: results
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● 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).



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.
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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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xFitter: results
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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

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

���e
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Heavy flavors: LHeC simulation

Extraction of strange quark distribution in eA through CC interaction.
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Diffraction in eA���e

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)

�13



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.

���e Exclusive diffraction on nuclei
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���e 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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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


Precise extraction of diffractive PDFs

Tests of factorization in QCD


Gluon DPDF error bands from 5% simulations
Q2

min ≈ 5 GeV2,  ξmax = 0.1,  CL = 68%,  δnorm = 0
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pseudodata of LHeC and FCC-eh
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Inclusive diffraction: nuclei
e Pb         EPb/A = 2.76 TeV,    Ee = 60 GeV,    L = 2 fb-1
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e Pb         EPb/A = 19.7 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!
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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.




Summary���e
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• 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.


• 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.


