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understand nature at the 
largest and the smallest scales
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Particle Physics today

enormous success in 
describing matter at the 

smallest scales

describing ≠ understanding
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Key open questions for particle physics?
Riccardo Rattazzi

@ Granada
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although there is no lack of novel theoretical 
ideas, there are no clear indications where 

the next paradigm shift is hiding
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although there is no lack of novel theoretical 
ideas, there are no clear indications where 

the next paradigm shift is hiding

an argument for a strong and diverse, 
yet coherent and concerted empirical 

exploration

In order to make progress in unravelling the 

smallest and largest scales of Nature

we need a strong story
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TODAY

Higgs discovery (2012)

Start data taking at the LHC (2010)

European Particle Physics 
Strategy (2006)

Long-term strategy for 
Particle Physics

UPDATE of  the European 
Particle Physics Strategy (2013)

Organization (2013 update):
http://europeanstrategygroup.web.cern.ch/europeanstrategygroup/

Organization (2006):
http://council-strategygroup.web.cern.ch/council-strategygroup/

http://europeanstrategygroup.web.cern.ch/europeanstrategygroup/
http://council-strategygroup.web.cern.ch/council-strategygroup/
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The European Particle Physics Strategy 2013
https://cds.cern.ch/record/1567258/files/esc-e-106.pdf - with the highest priority

① Europe’s top priority should be the exploitation of the full potential of the LHC, including the high-
luminosity upgrade of the machine and detectors with a view to collecting ten times more data 
than in the initial design, by around 2030. This upgrade programme will also provide further 
exciting opportunities for the study of flavour physics and the quark-gluon plasma.

② CERN should undertake design studies for accelerator projects in a global context, with emphasis 
on proton-proton and electron-positron high-energy frontier machines. These design studies 
should be coupled to a vigorous accelerator R&D programme, including high-field magnets and 
high-gradient accelerating structures, in collaboration with national institutes, laboratories and 
universities worldwide.

③ Europe looks forward to a [ILC] proposal from Japan to discuss a possible participation.

④ CERN should develop a neutrino programme to pave the way for a substantial European role in 
future long-baseline experiments. Europe should explore the possibility of major participation in 
leading long-baseline neutrino projects in the US and Japan.

https://cds.cern.ch/record/1567258/files/esc-e-106.pdf


1st priority

LHC and HL-LHC
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Initial legacy impact of the LHC

a MORE PRECISE and more 
COMPLETE description Roberto Salerno @ EPS-HEPP2019
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Initial legacy impact of the LHC

connection

a MORE PRECISE and more 
COMPLETE description

our initial 
designs for 
BSM physics 
around 1 TeV
are excluded



since ~10 years
for another ~20 years

15



Potential HL-LHC performance in Higgs couplings
anno 2013 versus anno 2019

1307.7135 

pessimistic

optimistic

Taking into account innovative thoughts and 
research experience, what was optimistic in 
2013 seems realistic in 2019. 

1902.00134 
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Potential HL-LHC performance in Higgs couplings
anno 2013 versus anno 2019

1307.7135 

pessimistic

optimistic

Taking into account innovative thoughts and 
research experience, what was optimistic in 
2013 seems realistic in 2019. 

1902.00134 

Bright future of opportunities 

for the next 20 years
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2nd priority

Future colliders at CERN
Accelerator R&D
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Concrete collider options studied at CERN

LHeC (ep), http://lhec.web.cern.ch
J. Phys. G: Nucl. Part. Phys. 39 (2012) 075001 [arXiv:1206.2913]

LHeC (60 GeV e- from ERL)
Ecms = 0.2 – 1.3 TeV
run with the HL-LHC (≳ Run5)

J.Phys. G45 (2018) no.6, 065003

Energy Recovery Linac (ERL) 
R&D demonstrator at Orsay, PERLE
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http://lhec.web.cern.ch/


Concrete collider options studied at CERN

CLIC (ee), http://clic-study.web.cern.ch/
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http://clic-study.web.cern.ch/


Concrete collider options studied at CERN

FCC (ee, ep, pp, pA, AA, eA), https://fcc-cdr.web.cern.ch/

• e+e- collider (FCC-ee) @ 90-365 GeV                
as potential first step
(ERL-technology, CLIC injector, …)

• pp-collider (FCC-hh) @ 100 TeV

• p-e collider (FCC-he)
• HE-LHC with FCC-hh magnets
• µµ colider (FCC-µµ) option
• AA, Ap, Ae options

21

https://fcc-cdr.web.cern.ch/


Daniel Schulte @ Granada22



Maria Chamizo @ FCC week: https://indico.cern.ch/event/727555/contributions/3474689/

Novel thinking ongoing: ERL-based FCC-ee

one example of 
novel thinking
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https://indico.cern.ch/event/727555/contributions/3474689/


2nd priority

Future colliders at CERN
Accelerator R&D

24
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higher energy interactions in the lab

higher energetic phenomena in the universe
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Connection between astroparticle, 

nuclear and particle physics

e.g. jointly innovate technology

to make the invisible visible



What is out there on our 
accelerator/collider technology front?

(only a very brief snapshot)
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Akira Yamamoto
@ Granada

Superconducting RF cavity R&D ~50MV/m within reach, XFEL@DESY has ~30MV/m
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SC Magnet R&D – 16 T magnets would allow to reach much higher pp collision energies
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FRESCA2 @ CERN

Test new superconductive cables (Nb3Sn)

Dipole magnet 
1.5 m long, 1 m diameter, 10 cm aperture 

Reached 14.6 T (April 2018), a record for a magnet 
with a “free” aperture, and with only few quenches



SC Magnet R&D – alternative materials for high-Jc at high magnetic field

Eucard2: HTS-insert
to be tested in 2019
(3-5) + (13-14 )T : > 16 T 

HTS-Insert
3~5 T

FRESCA-2
13-14 T
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Technology readiness
Akira Yamamoto
@ Granada
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Accelerator R&D – Advanced Novel Accelerators (ICFA Panel)
ALEGRO (Advanced LinEar collider study GROup, for a multi-TeV Advanced Linear Collider)

32

ALEGRO delivered a 
document detailing the 
international roadmap 
and strategy for 
Advanced and Novel 
Accelerators for High 
Energy Physics 
applications.

http://www.lpgp.u-
psud.fr/icfaana/alegro

from R.Assmann @ ALEGRO workshop

http://www.lpgp.u-psud.fr/icfaana/alegro


Accelerator R&D – Advanced Novel Accelerators (ICFA Panel)
ALEGRO (Advanced LinEar collider study GROup, for a multi-TeV Advanced Linear Collider)

33

ALEGRO delivered a 
document detailing the 
international roadmap 
and strategy of Advanced 
Novel Accelerators 
(ANAs).

from R.Assman @ ALEGRO workshop

Strong aspiration to pursue R&D for:

plasma-based acceleration, high-field 

magnets, muon colliders, ERL systems, … 

including ecological/power, industrialization 

and cost-reduction aspects



Global context

Ursula Bassler
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3rd priority

ILC at Japan
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Towards an update of the strategy
Europe looks forward to a [ILC] proposal from Japan to discuss a possible participation.

Initially at √s = 250 GeV e+e- collisions
providing a Higgs factory

~1800 cryomodules of ~12m

~16000 superconductive cavities of ~1m

in Liquid He vessel

~1800 cryomodules of ~12m

~16000 superconductive cavities of ~1m

in Liquid He vessel

36



Towards an update of the strategy
Europe looks forward to a [ILC] proposal from Japan to discuss a possible participation.

ICFA meeting, Tokyo, 6-8 March 2019
• We were informed about the position of MEXT on the ILC 

project. We heard as well as a speech from Hon. Kawamura 
from the Federation of Diet Members for the ILC. 
https://www.kek.jp/en/newsroom/2019/03/13/2100/

• In response, the ICFA statement: https://icfa.fnal.gov/wp-
content/uploads/ICFA_Tokyo_Statement_March2019.pdf

• The letter from the Linear Collider Board (LCB): 
https://icfa.fnal.gov/wp-content/uploads/LCB_letter_to_MEXT-signed.pdf

“MEXT has not yet reached declaration for hosting the ILC in Japan at this moment”
“MEXT will pay close attention to the progress of the discussions at the European 

Strategy for Particle Physics Update”
“MEXT will continue to discuss the ILC project with other governments while 

having an interest in the ILC project” 37

https://www.kek.jp/en/newsroom/2019/03/13/2100/
https://icfa.fnal.gov/wp-content/uploads/ICFA_Tokyo_Statement_March2019.pdf
https://icfa.fnal.gov/wp-content/uploads/LCB_letter_to_MEXT-signed.pdf


4th priority

Neutrino Platform

38



Towards an update of the strategy
CERN should develop a neutrino programme to pave the way for a substantial European role in future 

long-baseline experiments. Europe should explore the possibility of major participation in leading long-
baseline neutrino projects in the US and Japan.

Since 2014 the CERN Neutrino Platform fosters the collaboration of ~90 European 
institutions in detector R&D and construction.

e.g. DUNE@LBNF (US) and ND280@T2K (Japan)

Upgrades are considered in due time for these long-baseline neutrino projects.
e.g. doubling the beam power at DUNE (from 1.2MW to 2.4 MW)
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Towards an update of the strategy
CERN should develop a neutrino programme to pave the way for a substantial European role in future 

long-baseline experiments. Europe should explore the possibility of major participation in leading long-
baseline neutrino projects in the US and Japan.

ProtoDUNE@CERN

©CERN
40



cosmic-ray muon observed in the dual-phase ProtoDUNE detector

©ProtoDUNE

https://home.cern/news/news/experiments/tests-start-cern-large-scale-prototype-new-technology-detect-neutrinos 41

https://home.cern/news/news/experiments/tests-start-cern-large-scale-prototype-new-technology-detect-neutrinos
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TODAY

Higgs discovery (2012)

Start data taking at the LHC (2010)

European Particle Physics 
Strategy (2006)

Long-term strategy for 
Particle Physics

UPDATE of  the European 
Particle Physics Strategy (2013)

UPDATE	of	the	European	Particle	
Physics	Strategy	(2020)

Start data 
taking HL-LHC

(2026)

Major facility 
after HL-LHC

( https://europeanstrategy.cern

https://europeanstrategy.cern/
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Open Symposium 
Towards updating the European Strategy for Particle Physics
May 13-16, 2019, Granada, Spain
https://cafpe.ugr.es/eppsu2019/
~600 participants
Information captured in 8 thematic summary talks

https://cafpe.ugr.es/eppsu2019/


Physics Briefing Book
Physics Preparatory Group

• Overviewing the submitted input and the 
discussions in Granada

• Excluding references etc. about 200 pages
• The work of many!
• http://cds.cern.ch/record/2691414

44

http://cds.cern.ch/record/2691414


The Granada 
physics themes
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Electroweak & Higgs

Beyond the SMDark
 Sect

or

Neutrino

and astroparticle
Strong Interactions

Flav
ou

r



The Granada 
themes

Strong Interactions

46

Electroweak & Higgs

Beyond the SMDark
 Sect

or

Neutrino

and astroparticle
Strong Interactions

Flav
ou

r



The Granada 
themes

Strong Interactions

47



The Granada 
themes

Strong Interactions

2

QCD theory:

key phenomena
(non-Abelian gauge group)

colour
confinement
as (Q2 low) ∼ 1

asymptotic 
freedom

as (Q2 high) << 1

“hot and dense QCD”
(low energy domain)
(lattice calculations)

“vacuum QCD”
(high energy domain)

(perturbative calculations)

Strong interactions

PDG2018

das ∼ 1%

aEW << as
48



The Granada 
themes

Strong Interactions

493

“hot and dense QCD” “vacuum QCD”

“confined” 
hadrons & ions

“deconfined” 
quarks & gluons

Equation-of-State

PDFs
used in experiment

(applications)
used in Lagrangian

(first principles)
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The Granada 
themes
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“hot and dense QCD” “vacuum QCD”

“confined” 
hadrons & ions

“deconfined” 
quarks & gluons

Equation-of-State

PDFs
used in experiment

(applications)
used in Lagrangian

(first principles)

From LQCD: Tc (µB=0) = 156.5 ± 1.5 MeV

From experiment: determination of 
chemical freeze-out temperature

How do properties of the QGP emerge 
from the fundamental QCD interactions as 

a function of system size and under 
varying conditions of initial energy density 

and baryon chemical potential?
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“hot and dense QCD” “vacuum QCD”

“confined” 
hadrons & ions

“deconfined” 
quarks & gluons

Equation-of-State

PDFs
used in experiment

(applications)
used in Lagrangian

(first principles)

From QCD: evolution equations of PDFs

From experiment: PDF parameters 
values themselves

What are the experimental and theoretical 
pre-requisites to reach an adequate precision 

of perturbative and non-perturbative QCD 
predictions at the highest energies?

From LQCD: Tc (µB=0) = 156.5 ± 1.5 MeV

From experiment: determination of 
chemical freeze-out temperature

How do properties of the QGP emerge 
from the fundamental QCD interactions as 

a function of system size and under 
varying conditions of initial energy density 

and baryon chemical potential?
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“hot and dense QCD” “vacuum QCD”

“confined” 
hadrons & ions

“deconfined” 
quarks & gluons

Equation-of-State

PDFs
used in experiment

(applications)
used in Lagrangian

(first principles)

Key facilities involve collisions 
with protons

Key facilities involve collisions 
with heavy ions

What are the experimental and theoretical 
pre-requisites to reach an adequate precision 

of perturbative and non-perturbative QCD 
predictions at the highest energies?

How do properties of the QGP emerge 
from the fundamental QCD interactions as 

a function of system size and under 
varying conditions of initial energy density 
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“hot and dense QCD” “vacuum QCD”

“confined” 
hadrons & ions

“deconfined” 
quarks & gluons

Equation-of-State

PDFs
used in experiment

(applications)
used in Lagrangian

(first principles)

Key facilities involve collisions 
with protons

Key facilities involve collisions 
with heavy ions

What are the experimental and theoretical 
pre-requisites to reach an adequate precision 

of perturbative and non-perturbative QCD 
predictions at the highest energies?

How do properties of the QGP emerge 
from the fundamental QCD interactions as 

a function of system size and under 
varying conditions of initial energy density 

and baryon chemical potential?

Synergies between 

nuclear and particle physics
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The Granada 
themes

Neutrino and 
astroparticle
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The Granada 
themes

Neutrino and 
astroparticle
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Need for a diverse approach – every neutrino source counts
Collaboration with QCD/nuclear models (NA61)

CERN Neutrino Platform essential

Upcoming experiments: LEGEND, CUPID, NEXT, …Sterile neutrinos

Euclid, 
DESI, 
…

Complementary for mass ordering
and sterile neutrinos

56
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CERN Neutrino Platform essential

Upcoming experiments: LEGEND, CUPID, NEXT, …Sterile neutrinos

Euclid, 
DESI, 
…

Complementary for mass ordering
and sterile neutrinos

Synergies between 

astroparticle, nuclear and particle 

physics
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The Granada 
themes

Beyond the SM
&

Dark Sector
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The Granada 
themes

Beyond the SM
&

Dark Sector

?
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Dark Matter: Where to start looking? Very little clue on the mass scale…

Marcela Carena @ Granada

The assumption of Thermal 
Equilibrium in the early
Universe narrows the viable
mass range.

Interesting phenomena like 
long-lived particles and 
feebly interacting particles.

Standard Modelportal
60



Complementarity between Direct Detection and Collider

A collider discovery will need 
confirmation from DD/ID for 
cosmological origin

A DD/ID discovery will need 
confirmation from colliders to 
understand the nature of the 
interaction

A future collider program that 
optimizes sensitivity to invisible 
particles coherently with DD/ID 
serves us well. Need maximum 
overlap with DD/ID.

Higgs portal (SM mediator)

Paris Sphicas @ Granada
61
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A collider discovery will need 
confirmation from DD/ID for 
cosmological origin

A DD/ID discovery will need 
confirmation from colliders to 
understand the nature of the 
interaction

A future collider program that 
optimizes sensitivity to invisible 
particles coherently with DD/ID 
serves us well. Need maximum 
overlap with DD/ID.

BSM mediator

Paris Sphicas @ Granada

Synergies between 

astroparticle and particle physics

Complementarity between Direct Detection and Collider
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Wrapping-up
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the visible universe humans biological
cell

ion quarkshadron
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∼100⋅000⋅000⋅000⋅000⋅000⋅000⋅000⋅000
0.00000000000000000001 meter

the visible universe humans biological
cell

ion quarkshadron

first principles of particle physics
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∼100⋅000⋅000⋅000⋅000⋅000⋅000⋅000⋅000
0.00000000000000000001 meter

the visible universe humans biological
cell

ion quarkshadron

synergy nuclear & particle physics
• understand the properties of hadrons 

and nuclei from first principles
• nuclear cross sections
• novel detector technologies
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∼100⋅000⋅000⋅000⋅000⋅000⋅000⋅000⋅000
0.00000000000000000001 meter

the visible universe humans biological
cell

ion quarkshadron

synergy astro(particle) & particle physics
• cosmic rays 
• star formation
• neutrino physics
• detector technologies
• hadronic cross sections
• neutron stars equation of state
• ultrahigh-energy neutrino interactions
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∼100⋅000⋅000⋅000⋅000⋅000⋅000⋅000⋅000
0.00000000000000000001 meter

the visible universe humans biological
cell

ion quarkshadron

synergy nuclear & particle physics
• understand the properties of hadrons 

and nuclei from first principles
• novel detector technologies

synergy astro(particle) & particle physics
• cosmic rays
• star formation
• detector technologies
• hadronic cross sections

“to make the invisible visible”
applications for health, safety, energy, …



Thank you for your attention
70
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May.2020 
Council to approve 

Strategy Update  
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Sept 27,2018 
Council launches the 

Strategy Update process & 
establish the PPG and ESG 

June 14,2018 
Council decision on 

venues and dates  

March.2018 
Call for nominations of 
PPG & ESG members March.2020 

Strategy Update 
submitted to Council 

Jan 20-24,2020 
Strategy Update 
Drafting Session 
Bad Honnef, DE 

Sept.2019 
Physics Briefing 

Book available 

May 13-16,2019 
Open Symposium 

Granada, ES 

Jan.2018 
Call for proposals 

for venues for Open 
Symposium and 

Strategy Drafting 
Session 

2017 2018 2019 2020 

Dec 18.2018 
Closing submission 

community input 

Physics results appearing 
after May 2019 will be taken 
into account in the process 

European)Par+cle)Physics)Strategy)Update'

Febr.2018 
Call for scientific input 
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