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life%me top quark 

5 10-25 s

lifetime
proton
> 3 1041 s

age universe
4.4 1018 s
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Develop a model to describe how objects behave in this space and time
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Develop a model to describe how objects behave in this space and time

Basic
Principles

FROM INTUITION
e.g. the locality principle:
all ma6er has the same set of cons9tuents

e.g. the causality principle: 
a future state depends only on the present state

e.g. the invariance principle: 
space-9me is homogeneous

FROM LONG-STANDING OBSERVATIONS
the wave-par9cle duality principle
the quan9sa9on principle
the cosmological principle
the constant speed of light principle 
the uncertainty principle
the equivalence principle

no obvious reason for 
these long-standing 
observations to be what 
they are…
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Develop a model to describe how objects behave in this space and 5me

Basic
Principles

Fundamental
Theories

FROM INTUITION
e.g. the locality principle:
all matter has the same set of constituents

e.g. the causality principle: 
a future state depends only on the present state

e.g. the invariance principle: 
space-time is homogeneous

FROM LONG-STANDING OBSERVATIONS
the wave-particle duality principle
the quantisation principle
the cosmological principle
the constant speed of light principle 
the uncertainty principle
the equivalence principle

no obvious reason for 
these long-standing 
observa9ons to be what 
they are…

MATHEMATICAL FRAMEWORKS HOW OBJECTS BEHAVE
① General Rela)vity (for gravity)
② Quantum Mechanics + Special Rela)vity = Quantum Field Theory  

(for electromagne9c, weak and strong forces)
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Develop a model to describe how objects behave in this space and time

Basic
Principles

Fundamental
Theories

Concrete
Models

FROM INTUITION
e.g. the locality principle:
all matter has the same set of constituents

e.g. the causality principle: 
a future state depends only on the present state

e.g. the invariance principle: 
space-time is homogeneous

FROM LONG-STANDING OBSERVATIONS
the wave-particle duality principle
the quantisation principle
the cosmological principle
the constant speed of light principle 
the uncertainty principle
the equivalence principle

no obvious reason for 
these long-standing 
observa9ons to be what 
they are…

MATHEMATICAL FRAMEWORKS HOW OBJECTS BEHAVE
① General Rela)vity (for gravity)
② Quantum Mechanics + Special Rela)vity = Quantum Field Theory  

(for electromagne9c, weak and strong forces)

APPLY MATHEMATICAL FRAMEWORKS ON OBJECTS
① General Relativity → Standard Model of Cosmology
② Quantum Field Theory → Standard Model of Particle Physics

need to be valid into even the tiniest cracks of space and time
and for all energies or masses of the objects… even at the extremes
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Lagrangian encoding the particle interactions
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observations how 
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behave in our 
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Einstein’s field equations of gravity from which the Friedmann equations are derived to model the evolution of the universe



12

~ 1˙000̇˙000˙000˙000˙000˙000˙000˙000˙000 meter
~ 0.000˙000˙000˙000˙000˙000˙01 meter

observations how 
large objects 
behave in our 
universe

.

.

.

.

observations how 
small objects 

behave in our 
laboratories 

e.g. crea)on of 
chemical elements

e.g. nuclei built from 
quarks and gluons

building blocks of life on the human scale



13

~ 1˙000̇˙000˙000˙000˙000˙000˙000˙000˙000 meter
~ 0.000˙000˙000˙000˙000˙000˙01 meter

observations how 
large objects 
behave in our 
universe

.

.

.

.

observations how 
small objects 

behave in our 
laboratories 

e.g. creation of 
chemical elements

e.g. nuclei built from 
quarks and gluons

A century of scien.fic revolu.ons

building blocks of life on the human scale



14
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~ 0.000˙000˙000˙000˙000˙000˙01 meter

observations how 
large objects 
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universe

.
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.

observations how 
small objects 

behave in our 
laboratories 

e.g. creation of 
chemical elements

e.g. nuclei built from 
quarks and gluons

A century of scien.fic revolu.ons
communication
satellites
GPS

World Wide Web
touchscreens

“Scien0fic curiosity which ends up in your pocket”
Rolf Heuer (previous Director General of CERN)

building blocks of life on the human scale

production of particles and radiation
nuclear diagnosis and medicine
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The quest for understanding physics

“Problems and Mysteries”
e.g. Abundance of dark matter?

Abundance of matter over antimatter?
What is the origin and engine for high-energy cosmic particles?
Dark energy for an accelerated expansion of the universe?
What caused (and stopped) inflation in the early universe?
Scale of things (why do the numbers miraculously match)?
Pattern of particle masses and mixings? 
Dynamics of Electro-Weak symmetry breaking?
How do quarks and gluons give rise to properties of nuclei?…
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The quest for understanding physics

Observa0ons of new physics phenomena and/or devia0ons 
from the Standard Models are expected to unlock concrete 

ways to address these puzzling unknowns

“Problems and Mysteries”
e.g. Abundance of dark maOer?

Abundance of maOer over anPmaOer?
What is the origin and engine for high-energy cosmic parPcles?
Dark energy for an accelerated expansion of the universe?
What caused (and stopped) inflaPon in the early universe?
Scale of things (why do the numbers miraculously match)?
PaOern of parPcle masses and mixings? 
Dynamics of Electro-Weak symmetry breaking?
How do quarks and gluons give rise to properPes of nuclei?…
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Innovate Technology

to make the invisible visible

RF cavities, high-field magnets, plasma wakefield acceleration

compu:ng and so;ware challenge for Mul:-Exabyte Data Infrastructures
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solid-state devices with 

fast read-out electronics
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connec%on
(coupling strength)

Extending our models with new phenomena
(assuming our basic principles and theoretical frameworks hold)
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Extending our models with new phenomena
(assuming our basic principles and theoreDcal frameworks hold)

connec%on
(coupling strength)

Requires a coherent por:olio of 
complementary experiments to 

cover the whole parameter space 
where new physics can be hiding

CERN Courier
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Most recent European Strategies
the large … … the connection …

2017-2026 European 
Astroparticle Physics Strategy

Long Range Plan 2017
PerspecFves in Nuclear Physics

w
eb
lin
k

w
eb
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k

… the small 

2020 Update of the European 
ParFcle Physics Strategy

w
eb
lin
k

http://www.nupecc.org/pub/lrp17/lrp2017.pdf
https://www.appec.org/roadmap
https://europeanstrategyupdate.web.cern.ch/
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Most recent European Strategies
the large … … the connec7on …

2017-2026 European 
Astroparticle Physics Strategy

Long Range Plan 2017
Perspectives in Nuclear Physics

w
eb
lin
k

w
eb
lin
k

… the small 

2020 Update of the European 
Particle Physics Strategy

w
eb
lin
k

Community-driven strategies reflec8ng our ambi8on to address open ques8ons. 

Guidance for authori8es to develop resource-loaded research programmes.

http://www.nupecc.org/pub/lrp17/lrp2017.pdf
https://www.appec.org/roadmap
https://europeanstrategyupdate.web.cern.ch/
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our eyes on the sky
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The cosmic fron7er: Cosmic Microwave Background precision physics

Previous flagship
impressive science

Planck (ESA)

Next genera0on “Dark Universe” flagship
>30 M spectroscopic redshiIs with 0.001 accuracy up to z∼2

to measure the acceleraDon of the universe

Euclid (ESA)

launch 2023

beyond the 
Planck results 

completed

ESA: European Space Agency Properties of dark energy, dark matter and gravity
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A variety of very high-energy par1cles from our universe

Galactic

Extra-Galactic

cosmic 
par0cles
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A variety of very high-energy particles from our universe

Galactic

Extra-Galactic

Similar cosmic energy density:
would they have 

a common origin?

into the global 
MulF-Messenger 

Realm for Astronomy
to discover the sources

g-rays neutrinos
cosmic 

rays

)

cosmic 
par0cles
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Major Cosmic Particle Facilities in Europe
advance our major participation outside Europe: Pierre Auger Observatory, IceCube(-Gen2), …

observatory below surface

construc)on, par)ally opera)onal

ANTARES to KM3NeT
high-energy neutrinos

BAIKAL-GVD

construc)on, par)ally opera)onal

high-energy neutrinos

observatory on the surface

H.E.S.S./MAGIC/VERITAS to CTA
high-energy gamma-rays

construction, start observations >2023

observatory in orbit

AMS-2

assembled at CERN

anti-matter 
in cosmic 
rays

data taking
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Gravita.onal Wave Facili.es in Europe
Current flagships

Advanced & Plus upgrades up to 2035

VIRGO

KAGRALIGO

LIGO

3rd generation interferometer, beyond 2035
underground – triangle (10km arms) – cryogenic

on the ESFRI Roadmap (EU) (European Strategy Forum on Research Infrastructures)

complementary: LISA (ESA) to be launched around 2037

Einstein Telescope

ET Pathfinder in construction

R&D

increase precision, increase staFsFcs, increase reach



29

Gravitational Wave with the Einstein Telescope

Will our basic principles and theoretical frameworks hold throughout the cosmic history?
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our eyes on the invisible
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Major underground Facilities – shielding the visible

image courtesy of Susana Cebrián, “Science goes underground”
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Major underground Facilities in Europe – Dark Matter
proposal tow

ards CDR (beyond 2027)

XENON (1-10t) to DARWIN (50t)

ulFmate low background 
astroparFcle physics 

observatories

DarkSide/DEAP to Argo (300t)

pr
op

os
al

TPC

TPC
Argon

Xenon
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Major underground Facili.es in Europe – Dark MaIer
proposal tow

ards CDR (beyond 2027)

XENON (1-10t) to DARWIN (50t)

ulFmate low background 
astroparFcle physics 

observatories

DarkSide/DEAP to Argo (300t)

pr
op

os
al

TPC

TPC
Argon

Xenon

reaching the “neutrino floor”
where the neutrino backgrounds dominate

Neutrino Floor
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Neutrino sector extends the Standard Model
Because neutrinos oscillate, they have mass… but how to extend the Standard Model?

• Is a neutrino its own anti-particle?

• Is there CP violation in the leptonic 
sector?

• What is the absolute mass scale?

• How does the neutrino mass 
spectrum look like?

Measure the oscillaPon probabiliPes 
of neutrinos and anPneutrinos with 

ulPmate precision
e.g. at the Long-Baseline Neutrino Facility (LBNF) 

with the DUNE experiment
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Neutrino beams in Japan and in the US
CERN’s Neutrino Platform in LBNF & DUNE (US), and in T2K (Japan)

BabyMIND @ T2K (near detector)

Prototype for Magnetised Iron Neutrino Detector
DUNE @ LBNF
Prototype dual-phase Liquid-Argon TPC

CERN Neutrino PlaTorm CERN Neutrino Platform

Within the next decade, we will know much more how to develop 
the neutrino sector to extend the Standard Model
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our eyes on direct discoveries
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Today’s Flagship: from LHC to HL-LHC

LHC

NbTi
8T

HL-LHC@CERN

Nb3Sn
few 11T magnets

10y @ 14 TeV (3-4ab-1)

Current flagship (27km)
impressive programme up to 2040

ATLAS – Upgrade Phase II – LS3 

15

LHCb – Upgrade LS2

18

Prototypes of DAQ board (PCIe40) VELO RF-foil (250 um thick machined aluminum foil) Machining and light scan of the scintillating fiber mats for 

the fibre tracker

Si mchannel cooling plate for 
VELO with soldered connector

Upstream Tracker silicon sensor module under test First scintillating fibre modules 
arriving at CERN

Calorimeter front-end board Muon system readout ASIC

Cherenkov ring from a full RICH MaPMT module

Will collect 50 fb-1 at instantaneous lumi of 2x1033cm-2s-1

Full software triggerNew tracking detectorsNew RICH photon detectors
New electronics read out at 40 MHz

CERN and the High-Luminosity LHC: 300/fbà 3000/fb

12

Civil engineering

CMS – Upgrade Phase II – LS3 

16New Tracker
• Rad. tolerant - increased granularity - lighter

• 40 MHz selective readout (strips) for Trigger

• Extended coverage to η ≃ 3.8

Trigger/HLT/DAQ
• Track information in trigger at 40 MHz 

• 12.5 µs latency

• HLT input/output 750/7.5 kHz Muon systems
• New DT & CSC FE/BE 

electronics
• New station to complete 

CSC at 1.6 < η < 2.4

• Extended coverage  to η ≃ 3
New Endcap Calorimeters

• Rad. tolerant - High 

granularity transverse and 

longitudinal 
• 4D shower measurement 

including precise timing 

capability 

Barrel EM calorimeter

• New FE/BE electronics for full granularity 

readout at 40 MHz - with improved time 

resolution
• Lower operating temperature (8∘) 

Beam radiation and luminosity

Common systems and infrastructure

MIP precision Timing Detector

• Barrel layer: Crystal + SiPM

• Endcap layer: Low Gain Avalanche  Diodes

continued innovations in experimental 
techniques will keep the (HL-)LHC at the 
focal point to seek new physics at the 
energy and intensity frontiers
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continued innovations in experimental 
techniques will keep the (HL-)LHC at the 
focal point to seek new physics at the 
energy and intensity frontiers

Talented researchers make the difference
In 2013, the expected precision on the top quark to Higgs coupling 

reachable with the HL-LHC programme was esFmated 7-10%

In 2019, with innovated experimental and theoreFcal techniques 
this improved to 4% ... the HL-LHC is yet to start
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(HL-)LHC as a catalyser for dedicated experiments

LHC

NbTi
8T

HL-LHC@CERN

Nb3Sn
few 11T magnets

10y @ 14 TeV (3-4ab-1)

FCC-ee

Current flagship (27km)
impressive programme up to 2040

Additional opportunities with high-energy proton collisions

FASER Long Lived ParFcles
Light & weakly coupling parFcles

Milli-charged parFcles
MagneFc Monopoles (MoEDAL)

480m from ATLAS

milliQan
33m from CMS

MATHUSLA

CODEX-b
26m
from
LHCb

100-300m from IP

being installed

being dem
onstrated

proposal

proposal
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LHC

NbTi
8T

HL-LHC@CERN

Nb3Sn
few 11T magnets

10y @ 14 TeV (3-4ab-1)

Current flagship (27km)
impressive programme up to 2040

COMPLE
MENTAR

ITY

(HL-)LHC as a catalyser for dedicated experiments

a high-energy proton collider is a 
catalyser for a unique porColio of 

complementary research
CERN Courier

“portal” representation of physics potential to demonstrate complementarity
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More complementarity beyond par.cle accelerators

LHC

NbTi
8T

HL-LHC@CERN

Nb3Sn
few 11T magnets

10y @ 14 TeV (3-4ab-1)

Current flagship (27km)
impressive programme up to 2040

CERN Courier

COMPLE
MENTAR

ITY

“portal” representation of physics potential to demonstrate complementarity

axion
arena

(non-accelerator)
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Axion Physics with “old” and new magnets in Europe
Light-shine-through-Wall 
ALPS-II @ DESY
2021-2024

24 HERA dipoles

BabyIAXO & IAXO @ DESY 
looking at the Sun, helioscope
2024-2030+

MADMAX @ DESY 
looking at the galacNc halo, haloscope 
2026-2030+

CAST @ CERN
(helioscope) 
running

CERN Courier
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While running the (HL-)LHC: Accelerated Beams at CERN
The CERN accelerator complex and the LHC – protons from Booster only <0.1% to LHC
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Kaon physics from NA62 to KLEVER @ SPS-CERN

NA62
K+→π+νν

CKM parameter |Vtd|

proposal

During LHC era
During HL-LHC era

KLEVER

similar to NA62 but 
basically a new detector

running
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Kaon physics from NA62 to KLEVER @ SPS-CERN

NA62
K+→π+νν

CKM parameter |Vtd|

proposal

During LHC era
During HL-LHC era

KLEVER

similar to NA62 but 
basically a new detector

running

COMPLE
MENTAR

ITY
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While running the (HL-)LHC: Accelerated Beams at CERN

COMPLE
MENTAR

ITY

LHC

NbTi
8T

HL-LHC@CERN

Nb3Sn
few 11T magnets

10y @ 14 TeV (3-4ab-1)

Current flagship (27km)
impressive programme up to 2040
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While running the (HL-)LHC: Accelerated Beams at CERN
The CERN accelerator complex and the LHC – protons from Booster only <0.1% to LHC

higher
energies

lower
energies



48

Precision physics with antimatter @ CERN

BASE

ASACUSA

ATRAP
finished

ALPHA

AEgIS

GBAR

ELENA secures antimatter 
physics for the next decade

Devoted to antiproton and 
antihydrogen properties

AEgIS – An+hydrogen Experiment: Gravity, Interferometry, Spectroscopy
ALPHA – An+hydrogen Laser PHysics Apparatus
ASACUSA – Atomic Spectroscopy And Collisions Using Slow An+protons
ATRAP – An+hydrogen TRAP
GBAR – Gravita+onal Behaviour of An+hydrogen at Rest
BASE – Baryon An+baryon Symmetry Experiment

an#protons from 5 MeV 
to 100 KeV kine#c energy
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Future high-energy particle colliders
EssenFally all problems of the Standard Model are related to the Higgs sector, hence the argument to built new colliders 

dedicated to produce copiously Higgs bosons in order to map precisely its interacFons with other parFcles.
An electron-positron Higgs factory is the highest-priority next collider.

window to 
new physics
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Future high-energy par.cle colliders

Example
expected precision on 

the measurement 
of the W-H coupling

In the search for answers to open questions, we discovered a great 
complementarity among the science reach of different collider types.

the combined precision is much better than that of each individual collider

We need a coherent program allowing for a variety of future colliders

EssenFally all problems of the Standard Model are related to the Higgs sector, hence the argument to built new colliders 
dedicated to produce copiously Higgs bosons in order to map precisely its interacFons with other parFcles.

An electron-positron Higgs factory is the highest-priority next collider.

window to 
new physics
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Future flagship at the energy & precision fron.er

LHC

NbTi
8T

HL-LHC@CERN

Nb3Sn
few 11T magnets

10y @ 14 TeV (3-4ab-1)

25y @ hh 100 TeV (30ab-1)
@ eh 3.5 TeV (2ab-1)

FCC-eh/hh@CERN [3.5/100 TeV]

Nb3Sn
16T magnets

FCC-ee

4y @ MZ (150ab-1)
1-2y @ 2xMW (10ab-1)
3y @ 240 GeV (5ab-1)
5y @ 2xmt (1.5ab-1)

Current flagship (27km)
impressive programme up to 2040

Future Circular Collider (FCC)
big sister future ambiDon (100km), beyond 2040
a`racDve combinaDon of precision & energy fronDer

by around 2026, verify if it is feasible to plan for success 
(techn. & adm. & financially & global governance) 
potential alternatives pursued @ CERN: CLIC & muon collider

num
bers assum

e 2 IPs for 
each collider (only one for FCC-eh)

Higgs Factory

EW/Top Factory

ep-opSon with HL-LHC: LHeC
10y @ 1.2 TeV (1ab-1)

updated CDR 2007.14491
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Sustainable Accelerating Structures
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parPcle 
producPon

beam 
preparation

beam 
acceleration

experiment beam
dump

Basic structures of a particle accelerator



54

parPcle 
producPon

beam 
preparaPon

beam 
acceleration

experiment beam
dump

cooling @ 2K

Basic structures of a particle accelerator
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Basic structures of a par/cle accelerator

parPcle 
producPon

beam 
preparation

beam 
acceleration

experiment beam
dump

cooling @ 2K

Typical power consumption for an electron-positron Higgs Factory 
the highest priority next collider for particle physics

∼50%

∼5%

magnets ∼10%
others ∼35%

example FCC@250GeV
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Basic structures of a par/cle accelerator

particle 
production

beam 
preparation

experiment beam
dump

cooling @ 2K

Typical power consumption for an electron-positron Higgs Factory 
the highest priority next collider for particle physics

∼5%

magnets ∼10%
others ∼35%

example FCC@250GeV

recover this 
energy

beam 
acceleraPon
∼50%

reduce most of 
this energy

beam 
acceleration
∼50%
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Linear colliders Circular colliders

ACC ACC

ACC

dump >99.9999% of 
the beam power

radiate away very quickly 
the beam power

radiaSon

FCC-ee@250 ≃ 300 MW

∼2% of annual electricity 
consumption in Belgium

OBJECTIVE: develop accelerator technologies that recover the beam 
energy with an impact of saving ∼1% of Belgium’s electricity

about half of this is dumped or lost due to radiaYon

Impact for the current designs of Higgs Factories
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Linear colliders Circular colliders

ACC ACC

ACC

dump >99.9999% of 
the beam power

radiate away very quickly 
the beam power

radiation

FCC-ee@250 ≃ 300 MW

∼4% of annual electricity 
consumption in Belgium

OBJECTIVE: develop accelerator technologies that recover the beam 
energy with an impact of saving ∼2% of Belgium’s electricity

about half of this is dumped or lost due to radiaYon

Impact for the current designs of Higgs Factories

Energy consumption 
is reducing in Europe, 
not excluded with ½ 
by 2050-2060
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An electron-positron Higgs factory 
is the highest-priority next collider. 

The energy efficiency of present and future 
accelerators […] is and should remain an area 

requiring constant attention. 

A detailed plan for the […] saving and re-use of 
energy should be part of the approval process 

for any major project. 
European Strategy for Particle Physics 2020

Importance highlighted in the European Strategy for Particle Physics 2020
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An electron-positron Higgs factory 
is the highest-priority next collider. 

The energy efficiency of present and future 
accelerators […] is and should remain an area 

requiring constant attention. 

A detailed plan for the […] saving and re-use of 
energy should be part of the approval process 

for any major project. 
European Strategy for Particle Physics 2020

Importance highlighted in the European Strategy for Par?cle Physics 2020

R&D for novel accelerator technologies that 

consume less energy is becoming crucial for our field
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our eyes on the structure of things
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colour
confinement

coupling ∼ 1

asymptotic 
freedom
coupling << 1

Hadrons & Ions are made up of Quarks & Gluons

“confined” 
hadrons & ions

“deconfined” 
quarks & gluons

Equa%on-of-State

Parton Distribution Functions

used in experiment
(applications)

used in Lagrangian
(first principles)
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colour
confinement

coupling ∼ 1

asymptotic 
freedom
coupling << 1

“confined” 
proton

“deconfined” 
quarks & gluons

PDFs

used in experiment
(applicaAons)

used in Lagrangian
(first principles)

«In e-p ® e-p scattering the nature of the interaction of the virtual 
photon with the proton depends strongly on wavelength

s At very low electron energies                  :
the scattering is equivalent to that from a 
“point-like” spin-less object 

s At low electron energies                  :
the scattering is equivalent to that from a 
extended charged object 

s At high electron energies                  :
the wavelength is sufficiently short to  
resolve sub-structure. Scattering from
constituent quarks 

s At very high electron energies                  :
the proton appears to be a sea of
quarks and gluons.

e–

e–

e–

e–

Low energy

Very high energy

point-like

sea of quarks and gluons

Parton Distribution Functions

experiments with protons

Hadrons & Ions are made up of Quarks & Gluons
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The 50+ years success story of DIS

proton
qlepton (E)

lepton (E’)

DIS = Deep Inelastic Scattering
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Discovery of quarks
(1968, ep@MIT-SLAC experiment)

The 50+ years success story of DIS

proton
qlepton (E)

lepton (E’)
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Discovery of quarks
(1968, ep@MIT-SLAC experiment)

«In e-p ® e-p scattering the nature of the interaction of the virtual 
photon with the proton depends strongly on wavelength

s At very low electron energies                  :
the scattering is equivalent to that from a 
“point-like” spin-less object 

s At low electron energies                  :
the scattering is equivalent to that from a 
extended charged object 

s At high electron energies                  :
the wavelength is sufficiently short to  
resolve sub-structure. Scattering from
constituent quarks 

s At very high electron energies                  :
the proton appears to be a sea of
quarks and gluons.

e–

e–

e–

e–

Low energy

Very high energy

point-like

sea of quarks and gluons

Parton model

The 50+ years success story of DIS

proton
qlepton (E)

lepton (E’)
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Discovery of quarks
(1968, ep@MIT-SLAC experiment)

«In e-p ® e-p scattering the nature of the interaction of the virtual 
photon with the proton depends strongly on wavelength

s At very low electron energies                  :
the scattering is equivalent to that from a 
“point-like” spin-less object 

s At low electron energies                  :
the scattering is equivalent to that from a 
extended charged object 

s At high electron energies                  :
the wavelength is sufficiently short to  
resolve sub-structure. Scattering from
constituent quarks 

s At very high electron energies                  :
the proton appears to be a sea of
quarks and gluons.

e–

e–

e–

e–

Low energy

Very high energy

point-like

sea of quarks and gluons

Parton model

The 50+ years success story of DIS

proton
qlepton (E)

lepton (E’)

The DIS precision era
(1992-2007, e±p@HERA)
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Discovery of quarks
(1968, ep@MIT-SLAC experiment)

«In e-p ® e-p scattering the nature of the interaction of the virtual 
photon with the proton depends strongly on wavelength

s At very low electron energies                  :
the scattering is equivalent to that from a 
“point-like” spin-less object 

s At low electron energies                  :
the scattering is equivalent to that from a 
extended charged object 

s At high electron energies                  :
the wavelength is sufficiently short to  
resolve sub-structure. Scattering from
constituent quarks 

s At very high electron energies                  :
the proton appears to be a sea of
quarks and gluons.

e–

e–

e–

e–

Low energy

Very high energy

point-like

sea of quarks and gluons

Parton model

The 50+ years success story of DIS

proton
qlepton (E)

lepton (E’)

Eur. Phys. J. C75 (2015) 580

The DIS precision era
(1992-2007, e±p@HERA)
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Discovery of quarks
(1968, ep@MIT-SLAC experiment)

«In e-p ® e-p scattering the nature of the interaction of the virtual 
photon with the proton depends strongly on wavelength

s At very low electron energies                  :
the scattering is equivalent to that from a 
“point-like” spin-less object 

s At low electron energies                  :
the scattering is equivalent to that from a 
extended charged object 

s At high electron energies                  :
the wavelength is sufficiently short to  
resolve sub-structure. Scattering from
constituent quarks 

s At very high electron energies                  :
the proton appears to be a sea of
quarks and gluons.

e–

e–

e–

e–

Low energy

Very high energy

point-like

sea of quarks and gluons

Parton model

The 50+ years success story of DIS

proton
qlepton (E)

lepton (E’)

Eur. Phys. J. C75 (2015) 580

Eur. Phys. J. C75 (2015) 580

Parton Distribution Functions

the HERA legacy

~3000
cross s

ection
measure

ments

The DIS precision era
(1992-2007, e±p@HERA)

DGLAP equa)ons rule!

low-x
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Why study this for another 50 years?

lepton (E)
parton

q

lepton (E’)
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DIS is alive!
381 registra,ons for DIS2022



Electron-Ion Collider (EIC)

72

World’s 1st polarized e-p/light-ion & 1st eA collider
User Group >1000 members: hbp://eicug.org

BNL (US)
beams from ∼2030

electron

ion

http://eicug.org/


Electron-Ion Collider (EIC)
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World’s 1st polarized e-p/light-ion & 1st eA collider
User Group >1000 members: http://eicug.org

electron

ion
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o High luminosity
o Wide range in beam energy
o Polarized lepton & hadron beam
o Nuclear beam

Unique in the DIS landscape
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such as an intact nucleon combined with a final state photon or vector meson, that 
occur in only a small fraction of all reactions. Parton imaging also requires an ac-
curate determination of not only total interaction rates, but of the dependence of 
these rates on the deflection angles of all scattered particles, for which large lumi-
nosity is also needed. Figure 2.4 indicates both the instantaneous luminosity as well 
as the annual integrated luminosity (for running time of 107 seconds per year, a 30 
percent duty factor) that can be achieved. It is the latter that ultimately controls the 
experimental uncertainty. Figure 2.5 shows the accuracy of the transverse gluon 
profiles that can be obtained from J/ψ production using an integrated luminosity of 
10 fb–1. Note the precision that can be achieved at large transverse radii bT, which is 
important for understanding the way in which confinement of quarks and gluons 
is reflected in the transverse spatial profile of parton distributions. 

FIGURE 2.4 The energy-luminosity landscape that encapsulates the physics program of an EIC. 
The horizontal axis shows the center-of-mass energy of the collider when operated in electron-
proton mode. The two vertical axes show the instantaneous and annual integrated (electron-nucleon) 
 luminosity; the latter is in units of inverse femtobarns and assumes a running time of 107 seconds 
per year. SOURCE: Presentation of EIC Science by A. Deshpande on behalf of the EIC Users Group.
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such as an intact nucleon combined with a final state photon or vector meson, that 
occur in only a small fraction of all reactions. Parton imaging also requires an ac-
curate determination of not only total interaction rates, but of the dependence of 
these rates on the deflection angles of all scattered particles, for which large lumi-
nosity is also needed. Figure 2.4 indicates both the instantaneous luminosity as well 
as the annual integrated luminosity (for running time of 107 seconds per year, a 30 
percent duty factor) that can be achieved. It is the latter that ultimately controls the 
experimental uncertainty. Figure 2.5 shows the accuracy of the transverse gluon 
profiles that can be obtained from J/ψ production using an integrated luminosity of 
10 fb–1. Note the precision that can be achieved at large transverse radii bT, which is 
important for understanding the way in which confinement of quarks and gluons 
is reflected in the transverse spatial profile of parton distributions. 

FIGURE 2.4 The energy-luminosity landscape that encapsulates the physics program of an EIC. 
The horizontal axis shows the center-of-mass energy of the collider when operated in electron-
proton mode. The two vertical axes show the instantaneous and annual integrated (electron-nucleon) 
 luminosity; the latter is in units of inverse femtobarns and assumes a running time of 107 seconds 
per year. SOURCE: Presentation of EIC Science by A. Deshpande on behalf of the EIC Users Group.
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such as an intact nucleon combined with a final state photon or vector meson, that 
occur in only a small fraction of all reactions. Parton imaging also requires an ac-
curate determination of not only total interaction rates, but of the dependence of 
these rates on the deflection angles of all scattered particles, for which large lumi-
nosity is also needed. Figure 2.4 indicates both the instantaneous luminosity as well 
as the annual integrated luminosity (for running time of 107 seconds per year, a 30 
percent duty factor) that can be achieved. It is the latter that ultimately controls the 
experimental uncertainty. Figure 2.5 shows the accuracy of the transverse gluon 
profiles that can be obtained from J/ψ production using an integrated luminosity of 
10 fb–1. Note the precision that can be achieved at large transverse radii bT, which is 
important for understanding the way in which confinement of quarks and gluons 
is reflected in the transverse spatial profile of parton distributions. 

FIGURE 2.4 The energy-luminosity landscape that encapsulates the physics program of an EIC. 
The horizontal axis shows the center-of-mass energy of the collider when operated in electron-
proton mode. The two vertical axes show the instantaneous and annual integrated (electron-nucleon) 
 luminosity; the latter is in units of inverse femtobarns and assumes a running time of 107 seconds 
per year. SOURCE: Presentation of EIC Science by A. Deshpande on behalf of the EIC Users Group.
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such as an intact nucleon combined with a final state photon or vector meson, that 
occur in only a small fraction of all reactions. Parton imaging also requires an ac-
curate determination of not only total interaction rates, but of the dependence of 
these rates on the deflection angles of all scattered particles, for which large lumi-
nosity is also needed. Figure 2.4 indicates both the instantaneous luminosity as well 
as the annual integrated luminosity (for running time of 107 seconds per year, a 30 
percent duty factor) that can be achieved. It is the latter that ultimately controls the 
experimental uncertainty. Figure 2.5 shows the accuracy of the transverse gluon 
profiles that can be obtained from J/ψ production using an integrated luminosity of 
10 fb–1. Note the precision that can be achieved at large transverse radii bT, which is 
important for understanding the way in which confinement of quarks and gluons 
is reflected in the transverse spatial profile of parton distributions. 

FIGURE 2.4 The energy-luminosity landscape that encapsulates the physics program of an EIC. 
The horizontal axis shows the center-of-mass energy of the collider when operated in electron-
proton mode. The two vertical axes show the instantaneous and annual integrated (electron-nucleon) 
 luminosity; the latter is in units of inverse femtobarns and assumes a running time of 107 seconds 
per year. SOURCE: Presentation of EIC Science by A. Deshpande on behalf of the EIC Users Group.
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Snowmass 2021 White Paper

https://arxiv.org/pdf/2203.13199.pdf
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A future scope
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For ep/eA physics, the 2030’ies will be 
the decade of the EIC

The next ambition for the community will 
be to enable ep/eA physics both at higher 

luminosities and at higher energies

a great stride 
orders of magnitude
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From HERA onwards to high-energy proton beams
measurements of proton Parton Distribution Functions are vital to improve the precision
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J.Phys.G 48 (2021) 11, 110501
updated CDR LHeC

high x
higher energies

low x

reaching deeper into the proton
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High-intensity electron beam

beam current × beam energy  
=  beam power

From HERA@DESY to LHeC@CERN

3 orders in magnitude in luminosity
1 order in magnitude in energy

LHeC  ∼ 1 GW beam power
equivalent to the power delivered by a nuclear power plant

The challenge
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High-intensity electron beam

beam current × beam energy  
=  beam power

From HERA@DESY to LHeC@CERN

3 orders in magnitude in luminosity
1 order in magnitude in energy

LHeC  ∼ 1 GW beam power
equivalent to the power delivered by a nuclear power plant

The challenge
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With the planned R&D on Energy Recovery Linacs we 

will prepare the path to provide 

a 1 GW electron beam with only 50 MW power
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at high energies
electron-proton colliders provide 

a General-Purpose experiment 
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Collision energy above the threshold for EW/Higgs/Top
from mostly QCD-oriented physics to General-Purpose physics

Compared to the LHC, these are reasonably 
clean Higgs events with much less backgrounds

The real game change between 
HERA and LHC/FCC

at these energies, interactions with all particles in 
the Standard Model can be measured precisely
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Some physics highlights of the LHeC (ep/eA@LHC)
on several fronts comparable improvements between LHC à HL-LHC as for HL-LHC à LHeC

The Large Hadron-Electron Collider at the HL-LHC, J. Phys. G 48 (2021) 110501, 364p (updated CDR)

Higgs physics

x3.5 beier

x4

x2
x1.5

first
)me

x2
1%

EW physics

o DmW down to 2 MeV (today at ~10 MeV)
o Dsin2qW

eff to 0.00015 (same as LEP)

Top quark physics

o |Vtb| precision better than 1% (today ~5%)
o top quark FCNC and g, W, Z couplings

Strong interaction physics

o as precision of 0.1%
o low-x: a new discovery fronDer

DIS scaTering cross secUons

o PDFs extended in (Q2,x) by
orders of magnitude

improvement wrt LH-LHC
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Some physics highlights of the LHeC (ep/eA@LHC)
on several fronts comparable improvements between LHC à HL-LHC as for HL-LHC à LHeC

The Large Hadron-Electron Collider at the HL-LHC, J. Phys. G 48 (2021) 110501, 364p (updated CDR)

Higgs physics

x3.5 beier
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x2
x1.5

first
)me

x2
1%

EW physics

o DmW down to 2 MeV (today at ~10 MeV)
o Dsin2qW

eff to 0.00015 (same as LEP)

Top quark physics

o |Vtb| precision better than 1% (today ~5%)
o top quark FCNC and g, W, Z couplings

Strong interaction physics

o as precision of 0.1%
o low-x: a new discovery fronDer

DIS scaTering cross secUons

o PDFs extended in (Q2,x) by
orders of magnitude

improvement wrt LH-LHC

for EW/Higgs/top physics

improvement factor from 

LHC à HL-LHC similar to HL-LHC à LHeC
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Some physics highlights of the LHeC (ep/eA@LHC)
on several fronts comparable improvements between LHC à HL-LHC as for HL-LHC à LHeC

The Large Hadron-Electron Collider at the HL-LHC, J. Phys. G 48 (2021) 110501, 364p (updated CDR)

Higgs physics

x3.5 beier

x4

x2
x1.5

first
)me

x2
1%

EW physics

o DmW down to 2 MeV (today at ~10 MeV)
o Dsin2qW

eff to 0.00015 (same as LEP)

Top quark physics

o |Vtb| precision better than 1% (today ~5%)
o top quark FCNC and g, W, Z couplings

Strong interacUon physics

o as precision of 0.1%
o low-x: a new discovery fronDer

DIS scattering cross sections

o PDFs extended in (Q2,x) by
orders of magnitude

improvement wrt LH-LHC

for EW/Higgs/top physics

improvement factor from 

LHC à HL-LHC similar to HL-LHC à LHeC

A joint ep/pp interacIon region with the same detector 

would correlate results and reach the ulImate precision

e.g. DmW ∼ 1 MeV might be within reach

Eur.Phys.J.
C 82 (2022) 1

, 40
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Some physics highlights of the LHeC (ep/eA@LHC)
on several fronts comparable improvements between LHC à HL-LHC as for HL-LHC à LHeC

The Large Hadron-Electron Collider at the HL-LHC, J. Phys. G 48 (2021) 110501, 364p (updated CDR)

Higgs physics

x3.5 better

x4

x2
x1.5

first
time

x2
1%

EW physics

o DmW down to 2 MeV (today at ~10 MeV)
o Dsin2qW

eff to 0.00015 (same as LEP)

Top quark physics

o |Vtb| precision befer than 1% (today ~5%)
o top quark FCNC and g, W, Z couplings

Strong interaction physics

o as precision of 0.1%
o low-x: a new discovery frontier

DIS scaTering cross secUons

o PDFs extended in (Q2,x) by
orders of magnitude

improvement wrt LH-LHC

In addition, unique potential with LHeC 

to search for new physics phenomena

e.g. what if features appear in 

the interactions between leptons and quarks
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Some physics highlights of the LHeC (ep/eA@LHC)
on several fronts comparable improvements between LHC à HL-LHC as for HL-LHC à LHeC

The Large Hadron-Electron Collider at the HL-LHC, J. Phys. G 48 (2021) 110501, 364p (updated CDR)

Higgs physics

x3.5 beier

x4

x2
x1.5

first
)me

x2
1%

EW physics

o DmW down to 2 MeV (today at ~10 MeV)
o Dsin2qW

eff to 0.00015 (same as LEP)

Top quark physics

o |Vtb| precision better than 1% (today ~5%)
o top quark FCNC and g, W, Z couplings

Strong interaction physics

o as precision of 0.1%
o low-x: a new discovery fronDer

DIS scaTering cross secUons

o PDFs extended in (Q2,x) by
orders of magnitude

improvement wrt LH-LHC

A high-energy electron-proton experiment is 

a general-purpose experiment

i.e. H/EW/top/QCD/search factory
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Empowering the FCC-hh program with the FCC-eh

pp @ 100 TeV

~5-7% uncertainty 
on the s(W,Z,H)

Electro-Weak region

Kinematic range Parton Distribution Functions

low x

high x

J.Phys.G 48 (2021) 11, 110501

higher energies
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Empowering the FCC-hh program with the FCC-eh

pp @ 100 TeV

~5-7% uncertainty 
on the s(W,Z,H)

~1% uncertainty 
on the s(W,Z,H)

Electro-Weak region

Kinema%c range Parton Distribu%on Func%ons

low x

high x

J.Phys.G 48 (2021) 11, 110501

higher energies



pp @ 100 TeV

~5-7% uncertainty 
on the s(W,Z,H)

~1% uncertainty 
on the s(W,Z,H)

Electro-Weak region

Kinematic range Parton Distribution Functions
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higher energies

low x

high x

J.Phys.G 48 (2021) 11, 110501

FCC-eh essenCal to unlock FCC-hh science potenCal

Empowering the FCC-hh program with the FCC-eh
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colour
confinement

coupling ∼ 1

asympto3c 
freedom
coupling << 1

“confined” 
ions

“deconfined” 
quarks & gluons

used in experiment
(applications)

used in Lagrangian
(first principles)

Equa%on-of-State
(from a gas state to a quark-gluon plasma)

experiments with heavy ions

PDFs

Quark
Gluon

Plasma

nuclei

Hadron
Gas

Hadrons & Ions are made up of Quarks & Gluons
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Heavy Ion physics from RHIC & SPS to NICA & FAIR

SIS100/300 @ FAIR

CBM & HADES experiments 
to start around 2025 

Nuclotron-based Ion Collider Facility @ JINR
MPD experiment to 
start after 2023

PDFs

Quark
Gluon

Plasma

nuclei

Hadron
Gas



94

Heavy Ion physics from RHIC & SPS to NICA & FAIR

SIS100/300 @ FAIR

Nuclotron-based Ion Collider Facility @ JINR

o how maber and complexity emerge 
o evoluFon of our Universe 
o origin of the chemical elements

PDFs

Quark
Gluon

Plasma

nuclei

Hadron
Gas



 ~ 1˙000̇˙000˙000˙000˙000˙000˙000˙000˙000 meter
~ 0.000˙000˙000˙000˙000˙000˙01 meter

observa(ons how 
large objects 
behave in our 
universe

.

.

.

.

observa(ons how 
small objects 

behave in our 
laboratories 

e.g. crea(on of 
chemical elements

e.g. nuclei built from 
quarks and gluons

building blocks of life on the human scale
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Building the future together 
 ~ 1˙000̇˙000˙000˙000˙000˙000˙000˙000˙000 meter

~ 0.000˙000˙000˙000˙000˙000˙01 meter

observa(ons how 
large objects 
behave in our 
universe

.

.

.

.

observa(ons how 
small objects 

behave in our 
laboratories 

e.g. crea(on of 
chemical elements

e.g. nuclei built from 
quarks and gluons

building blocks of life on the human scale
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Thank you for your afenDon!
Jorgen.DHondt@vub.be

With sustained capital investments in these future faciliFes, 
we know that we must discover new physics phenomena to add to our standard models. 
… if not, we might have to revisit our theoreFcal frameworks and/or our basic principles.
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