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observable quarks
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obstervable visible with quarks
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large surface/volume observatories SN
& 4 y powerful accelerators

obstervable visible with quarks
universe our own eyes <10%9m
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age universe lifetime top quark

18 [ e i
4.410'8s large surface/volume obsgrvatorles DowerfuLaceal 51025 s
obstervable visible with quarks
universe our own eyes <10m
8.810%m

~1°'000°000 000 000 000 000 000 000 000 meter
~ 0.000 000 000 000 000 000 01 meter

distance to _
galactic center distance
Earth-sun
distance light biological cell proton
travels in one year neutron
lifetime duration farthest human object lifetime lifetime
star supernova & GRB  from Earth (Voyager 1) atoms proton kaon (K*)

1013-10%¢ s 0.1-100s >310%s 1.210%s



Develop a model to describe how objects behave in this space and time



Develop a model to describe how objects behave in this space and time

Basic

Principles

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 no obvious reason for
the cosmological principle . these long-standing
observations to be what

the constant speed of light principle
) o they are...
the uncertainty principle

the equivalence principle J



Develop a model to describe how objects behave in this space and time

MATHEMATICAL FRAMEWORKS HOW OBJECTS BEHAVE

Ba SIC @ General Relativity (for gravity)
Prl nci ples @ Quantum Mechanics + Special Relativity = Quantum Field Theory
(for electromagnetic, weak and strong forces)

FROM INTUITION Fundamental

e.g. the locality principle: .
all matter has the same set of constituents Theo ries

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 no obvious reason for

the cosmological principle these long-standing

the constant speed of light principle observations to be what
they are...

the uncertainty principle

the equivalence principle J



Develop a model to describe how objects behave in this space and time

MATHEMATICAL FRAMEWORKS HOW OBJECTS BEHAVE

FROM INTUITION Fundamental
Theories

Concrete
Models

FROM LONG-STANDING OBSERVATIONS
APPLY MATHEMATICAL FRAMEWORKS ON OBIJECTS
Standard Model of Cosmology

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
11
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~1°000°000 000 000 000 000 000 000 000 meter
~ (0.000 000 000 000 000 000 01 meter

observations how observations how
large objects small objects
behave in our behave in our
universe laboratories

13



~1°000°000 000 000 000 000 000 000 000 meter
~ (0.000 000 000 000 000 000 01 meter

observations how observations how
large objects small objects
behave in our behave in our
universe laboratories
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A century of scientific revolutions

~1°000°000 000 000 000 000 000 000 000 meter
~ (0.000 000 000 000 000 000 01 meter

observations how observations how

large objects small objects
behave in our behave in our

universe laboratories
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communication World Wide Web

sateltes A century of scientific revolutions ~ touchsereens

GPS

~1°000°000 000 000 000 000 000 000 000 meter
~ (0.000 000 000 000 000 000 01 meter

observations how production of particles and radiation lssEE fere e
arge objects nuclear diagnosis and medicine small objects

J behave in our behave in our
universe laboratories

“Scientific curiosity which ends up in your pocket”
Rolf Heuer (previous Director General of CERN)
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The quest for understanding physics

“Problems and Mysteries”

k- -:‘,TE,P“ e.g. Abundance of dark matter?
+ ¥ +he

* L b Abundance of matter over antimatter?

+Rgf V) 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?...

17



The quest for understanding physics

C “Problems and Mysteries”

s o P e.g. Abundance of dark matter?

*fi;; 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?

oy How do quarks and gluons give rise to properties of nuclei?...

N \ Girs, -
A EiNsTEIN

Observations of new physics phenomena and/or deviations
from the Standard Models are expected to unlock concrete
ways to address these puzzling unknowns

18



higher energy interactions

in the lab

. — E, .
po 2 3rvR="&,“rG" Ly F &ﬂ‘) )Lﬁ¢’+“

S0 9L AY - -

higher energetic phenomena

in the universe

e+ D g -/ () '
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RF cavities, high-field magnets, plasma wakefield acceleration

higher energy interactions
in the lab .. %

higher energetic phenomena
in the universe

computing and software challenge for Multi-Exabyte Data Infrastructures

20



Extending our models with new phenomena

(assuming our basic principles and theoretical frameworks hold)

1"‘ -7\% F/w s J
‘ + (FBY e B new
» T Yy Phe Phenomena
W RAVE mess

connection
(coupling strength)
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Extending our models with new phenomena

(assuming our basic principles and theoretical frameworks hold)

\‘

g P

. + (FDy +e B

new
Phenomena
(mass scale)

T Yy P

W RA-VE .
connection
(coupling strength)

Requires a coherent portfolio of
complementary experiments to
cover the whole parameter space
where new physics can be hiding

coupling strength = 108108/Meqiator [GEV™]

O_
LHC
" SHiP
2 NAG2++
IAXO / / NAG2++
7 - ’f NAGA++ | FVER
REDTOP
i KLEVER  1oupy
FASER EDM
CODEX-B
MATHUSLA
MilliQan
18—
Planck scale
I I I | I I I
=2 =115 -9 =2 3 9 15

mass of BSM state = log;,m,[eV]
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Most recent European Strategies

the large ...

“ European Astroparticle

= Physics Strategy
APPEC 2017-2026

weblink

2017-2026 European
Astroparticle Physics Strategy

... the connection ...

NuPECC
W CC Long Range Plan 2017

Perspectives
in Nuclear Physics

Long Range Plan 2017
Perspectives in Nuclear Physics

... the small

weblink

2020 UPDATE OF THE EUROPEAN STRATEGY
FOR PARTICLE PHYSICS

by the European Strategy Group

2020 Update of the European
Particle Physics Strategy

23


http://www.nupecc.org/pub/lrp17/lrp2017.pdf
https://www.appec.org/roadmap
https://europeanstrategyupdate.web.cern.ch/

Most recent European Strategies

the large ... ... the connection ... ... the small
A B Q e '
é European Astroparticle . {%/
.-8 7= Physics Strategy o
2 APPEC 2017-2026 S ; -

- C—" en quesﬁons-

ddress 0P
ontod rqmmes.

ded research prod

cting our ambiti

jes refle
strated lop resource-10d

thorities to deve

Community-driven
Guidance for au

2020 UPDATE OF THE EUROPEAN STRATEGY
FOR PARTICLE PHYSICS

by the European Strategy Group

NuPECC
W CC Long Range Plan 2017

Perspectives
in Nuclear Physics

2017-2026 European Long Range Plan 2017 2020 Update of the European
Astroparticle Physics Strategy Perspectives in Nuclear Physics Particle Physics Strategy
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http://www.nupecc.org/pub/lrp17/lrp2017.pdf
https://www.appec.org/roadmap
https://europeanstrategyupdate.web.cern.ch/

our eyes on the sky



The cosmic frontier: Cosmic Microwave Background precision physics

Previous flagship Next generation “Dark Universe” flagship
impressive science >30 M spectroscopic redshifts with 0.001 accuracy up to z~2
to measure the acceleration of the universe

Planck (ESA) : i E
completed : R -~ i “launch 2023.

ESA: European Space Agency Properties of dark energy, dark matter and gravity



A variety of very high-energy particles from our universe

cosmic
particles

E? Intensity [GeV m 2 s ! sr71]

10°
Energy [GeV]

7z 1
1 103




A variety of very high-energy particles from our universe

= T 1 1 1 T T T T 1 I I B
10-5 : & Diffuse vy (Fermi LAT) $ Cosmic rays (Auger) ]
- E @ Cosmic v (IceCube) B Cosmic rays (TA) 3
S q
| L
2 107SE
'_I;_‘ [ !
1077k
— 3 !
3z w0t f? 4 tt
. = i
cosmic < 10—°L .
2 E neutrinos
. = E
particles 10-10[
F 1 1 1 1 1 1 1 1 1 1 1 ]
103 109 10' 102 10® 10* 10® 10 107 10® 10° 10%° 101!
5 E [GeV]

Similar cosmic energy density:
would they have

E? Intensity [GeV m 2 s ! sr71]

a common origin?
% ~ IGRB .
o |5 | into the global
. | Multi-Messenger
10° 1

Realm for Astronomy
to discover the sources

Energy [GeV]
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Major Cosmic Particle Facilities in Europe

advance our major participation outside Europe: Pierre Auger Observatory, IceCube(-Gen2), ...

observatory in orbit

AMS-2

anti-matter
in cosmic
rays

Sunyel exep

observatory below surface

ANTARES to KM3NeT

n eutrmos 5

o
BAIKAL-GVD // IQ

H.E.S.S./MAGIC/VERITAS to CTA

high-energy gamma-rays

construction, partially operational construction, partially operational

construction, start observations >2023
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Gravitational Wave Facilities in Europe

Current flagships
Advanced & Plus upgrades up to 2035

3'd generation interferometer, beyond 2035
underground — triangle (10km arms) — cryogenic

increase precision, increase statistics, increase reach

on the ESFRI Roadmap (EU) (European Strategy Forum on Research Infrastructures)
complementary: LISA (ESA) to be launched around 2037

30



Gravitational Wave with the Einstein Telescope

Detection horizon for black-hole binaries

Years after the Big Bang .
-

|
400 thousand 0.1 billion 1 billion } billian [ 8 billion 13.8 billion

I Tt . EEE T T ]
” A

The Big Bang

NP : . o .
~EinsteinTel&scope - -

>
‘

: Second:generation.
- .
¥

-~
Present day

193[qo [esjuioucise
. 3SI14 40 uoneWIOY
Do, 3

Reionization

» Fully ionized

A

Fully ionized W@INELtralized
[ B

10
Credit: ALMA collaboration 1+Redshift

GW190521:
z=0.82

Will our basic principles and theoretical frameworks hold throughout the cosmic history?




our eyes on the invisible
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Major underground Facilities — shielding the visible

Boulby Underground
Laboratory, UK

Laboratoire Souterrain
de Modane, France

-‘g;?' Laboratori Nazionali

el Gran Su?‘mly

Laboratorio Subterraneo

Sandford Underground :

Research Facility, USA she Congromc:Spain Kamioka Observatory,
. Japan

Soudan Underground ’ .Yangyang Underground

Laboratory, USA » ~flaboratory, Korea
2 _

N\,
China JinPing Underground \“ jt’\-‘

Laboratory, China

y ol v . .. - -
! ~ g - ¢
image courtesy of Susana Cebridn, “Science goes underground” 33



Major underground Facilities in Europe — Dark Matter

ultimate low background
astroparticle physics
observatories

proposal

W o o

Boulby Underground
Laboratory, UK

Laboratoire Souterrain

XENON (1-10t) to DARWIN (200t)

Xenon
High-voltage [ . .Connection to cryogenics,
feedthrough & ) purification, data acquisition

array .

* TPC with
central dark
matter target

- Cathode

- Bottom
photosensor
array

(Lz0z puoAaq) yad spiemos |esodoud
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Major underground Facilities in Europe — Dark Matter

proposal

ultimate low background

astroparticle physics
observatories

Boulby Underground
Laboratory, UK

Dark Matter-Nucleon Og; [cm?]

Neutrmo Floor

10° 10° 1 10
M, [Tev/ c’]

reaching the “neutrino floor”

10?

where the neutrino backgrounds dominate

Luborotonre Souterrain

Xenon
High-voltage “...Connection to cryogenics,
feedthrough = purification, data acquisition

Top
photosensor...
array .

" Anode
Double wall |
cryostat - {1l .

~ TPC with
PTFE central dark
reflector matter target

- Cathode

- Bottom
photosensor
array

(£20T puoAaq) Yao spJiemoy jesodo.d
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Neutrino sector extends the Standard Model Ve

Because neutrinos oscillate, they have mass... but how to extend the Standard Model? \{3

Is a neutrino its own anti-particle? . .
Deep Underground Neutrino Experiment

Is there CP violation in the leptonic
sector?

Sanford < : Fermilab
Underground - B o s "-'-.,\.{_
Re;e_arch 200 miles N R ‘

Facility

What is the absolute mass scale?

How does the neutrino mass
spectrum look like?

Measure the oscillation probabilities
of neutrinos and antineutrinos with
ultimate precision ' e o

e.g. at the Long-Baseline Neutrino Facility (LBNF)
with the DUNE experiment

Probabllity of detecting electron, muon and tau neutrinos

36



Neutrino beams in Japan and in the US

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

DUNE @ LBNF BabyMIND @ TZK (near detector)

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

Within the next decade, we will know much more how to develop
the neutrino sector to extend the Standard Model

37



our eyes on direct discoveries
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Today’s Flagship: from LHC to HL-LHC

Current flagship (27km)

impressive programme up to 2040

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

conti .

t::::iuzd lnn'ovat'ions in experimental

Py q .es will keep the (HL-)LHC at the

o point tf) seek new physics at the
ergy and intensity frontiers

2 — study Quark-Gluon Plasma formed in nu collisions
Pixel Muon For
> non-prompt

rward Tracker
‘muons from B decays

| ALICE — Upgrade LS.
1 ‘Monolythic-pixel \nner Tracking System
| > x3-5 better tracking predision

i GeM-based TPC readout
1 > x100 readout rate in

rize QCD with heaVy quarks
system

[

fb > 3000/fb

o>

New IR-quads Nb;Sn|

\ Y (inner triplets)
\ New 11 T Nb,Sn
y  (short)dipoles

. E o Collimation upgrade
Cryogenics upgrade
Crab Cavities
Cold powering
Machine protection

Civil engineering

Barrel EM calorimeter
e FE/BE electronics for full granularity
0 MHz - with improved ime

TriggerHLTIDAQ

+ Track information
+ 12.5 ps latency
HLT inputloutput 75¢

readout at 4
resolution
« Lower operal

1 trigger at 40 MHZ

ting temperature (8

0/7.5 kKHz

Muon systems
« New DT & (CSC FE/BE

New Endcap Calorime! -
+ Rad. tolerant - High 7 ’ electronics
erd¢ and S + New station to complete

granularity transv
longitudinal

« 4D shower ‘measuremes it
including precise tming
capability

—- CSCat 1.6<n <24

V4 . tended coverage to1=3
N+ Beam radiation and luminosity

L 1 Common systems and infrastructure
-

/

(4
\

\g Detector
al + SiPM
Gain Avalanche Diodes

MIP precision Timing
» Barrel layer: Cryst
. Endcap layer: Low

New Tracker
« Rad. tolerant - increased grunular'\ty - lighter
« 40 MHz selective readout (strips) for Trigger

" Extended coverage 001 = 3.8




Today’s Flagship: from LHC to HL-LHC

ear collisions

| ALICE — Upgrade LS2 — s Quark-Gluon Plasma formed s nuch
] Pixel Muon Forward Tracker
m B decays

Tracking System
et el "5 non-prompt muons fro

Current flagship (27km)

impressive programme up to 2040 |>*m=

| cem-based TPC readout
{ > x100 readout rate in
] Po-Pb

-
alented researchers make the difference

.« .
/

In 2019, with i
i irl]:movated experimental and theoretical '

proved to 4% ... the HL-LHC is yet to st tetChmques

ar

perating temperature ()

Muon systems
+ New D’T»& (CSC FE/BE

electronics

‘
! + New station to complete
L CsCat1.6<n<24

. / ﬁxtcnded coverage ton =3
Beam radiation and \uminosity
and infrastructure

@~
mo | Common systems
-

conti . .
t:::n'ued lnn'ovat'lons in experimental
foca7lqt{es will keep the (HL-)LHC at the
point to seek new ]
: physics at t
energy and intensity frontiers "

e
including precise timi
capability

MIP precision Timing Detector
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3.8
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Future high-energy particle colliders

Essentially 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 interactions with other particles.
An electron-positron Higgs factory is the highest-priority next collider.

- -3
+ L?b% T
T Yy pa window to

+ R -V(©) P new physics

J
Qx\*
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Future high-energy particle colliders

Essentially 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 interactions with other particles.
An electron-positron Higgs factory is the highest-priority next collider.

Example

1--iF F* expected precision on

‘ + L}ﬁ,& 5 the measurement
of the W-H coupling

T Yy pa window to

\ @ | RAVE | new physics

2,
O

T Mode) of pari™

.

~0.3%

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
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Future flagship at the energy & precision frontier

Current flagship (27km) Future Circular Collider (FCC)
impressive programme up to 2040 big sister future ambition (100km), beyond 2040
attractive combination of precision & energy frontier
A

4 2\

FCC- eh/hh@FE_E_@ [3. 5&{1&“&“]

e

(Ya-224 40f auo Ajuo) 4apijj03 yooa
10 sd| Z dwnssp siaquinu

N 4y @ M (150ab?)

H 1-2y @ 2xMyw (10ab™?)
| 3y @ 240 GeV (5ab?)
sy @2xm(1.5ab7) §

ep—opt'ion with HL-LHC: LHeC
10y @ 1.2 TeV (1ab™)
updated CDR 2007.14491

by around 2026, verify if it is feasible to plan for success
(techn. & adm. & financially & global governance)
potential alternatives pursued @ CERN: CLIC & muon collider 43



our eyes on the structure of things



Hadrons & lons are made up of Quarks & Gluons

colour

confinement
coupling ~ 1

asymptotic

freedom
coupling <<1

/ \ 4 \
| 1 [ }
I I Equation-of-State 1
I L ! » :
I I I
I I I I
I | | |
I “confined” : Parton Distribution Functions : “deconfined” :
| hadrons & ions I \ quarks & gluons ]
\ \ V4
used in experiment used in Lagrangian

(applications) (first principles) .



Hadrons & lons are made up of Quarks & Gluons

colour

confinement
coupling ~ 1

‘------------\

4

experiments with protons

'y

confined”
proton

O T —
- ---—,

\

\------------‘

used in experiment
(applications)

Low energy e-

v

Very high energy

point-like

sea of quarks and gluons

4

asymptotic

freedom
coupling <<1

‘___________‘

Parton Distribution Functions

“deconfined”
quarks & gluons

L Y

used in Lagrangian
(first principles)
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Empowering the FCC-hh program with the FCC-eh

Relative uncertainty

0.5
0.4
0.3
0.2
0.1

-0.1
-0.2
-0.3
-0.4
-0.5

pp @ 100 TeV

B PDF4LHC15
NFCC-eh

g9

102

10*
Mx [GeV]

10°

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

Kinematic range Parton Distribution Functions

107

Q%/GeV?

10°

10°
10*
103
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10
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MONE R

T T T
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T

T T

L B L B s B B B R R

FCC-he
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EIC
BCDMS
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Empowering the FCC-hh program with the FCC-eh

Relative uncertainty

e
(2]

0.1
0.2 E
-03
-04
05 E

0.4
0.3
0.2 E
0.1

pp @ 100 TeV

E=PDF4LHC15

NFCC-eh

102

10°

10*
Mx [GeV]

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

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

Kinematic range Parton Distribution Functions

Q%/GeV?

107
10°:
10°¢

107

MONE R

EELELARLL

FCC-he
LHeC
HERA
EIC
BCDMS
NMC
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Electron-lon Collider (EIC)

World’s 15t polarized e-p/light-ion & 15t eA collider
User Group >1000 members: http://eicug.org

ion
= e &

electron

How do the properties
of protons and
neutrons arise from its
constituents?

Towards a 3D partonic
image of the proton

Many other running and emerging low-energy scattering facilities
are key to understand the structure of hadrons

Vsep =(29-140 GeV)

Electron
Injection
Line Possible
On-energy
lon Injector

Electron
Storage
Ring Electron
Cooler

Linac
EI C GoHider

Polarized
Electron
Source

Possible
Detector
Location

Electrons

lons

Possible
Detector /
Location Electrons
Electron
Injector (RCS)
beams from ~2030
(Polarized)
lon:Source

Booster.
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Hadrons & lons are made up of Quarks & Gluons

colour

confinement
coupling ~ 1

asymptotic

freedom

coupling <<1
experiments with heavy ions

| LHC
| RHIC
I sPS
‘ \l g I FAIR (SIS100) l 1
I I Tt Sofmm Quark I |
. g 0 Gluon ' p i
: < I 2 I PI I I
I © 100 |- = . asma I
I I g |  Hadron I
I I E | 9 I :
I “confined” : = /] ! : “deconfined” I
1 jons N \ quarks & gluons |
\ ! 0
Baryon chemical potential, pg (MeV)

used in experiment
(applications)

used in Lagrangian

Equation-of-State o inci
q f (first principles)

(from a gas state to a quark-gluon plasma) 50



Heavy lon physics from RHIC & SPS to NICA & FAIR

Temperature, T (MeV)

I LHC
| I RHIC

I sPs
I NICA (collider)

I FAIR (SI1S100)
Quark
Gluon
Plasma
Hadron

0

500 1000

Baryon chemical potential, pg (MeV)

Nuclotron-based lon Collider Facility @ JINR
MPD experiment to
start.arou

SIS100/300 @ FAIR
B -

i
" F7CBM & HADES experiments
J to start around 2025
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Heavy lon physics from RHIC & SPS to NICA & FAIR

Nuclotron based lon CoII|der FaC|I|ty @ JINR

I LHC

| I RHIC

I sPS

I NICA (collider)
I FAIR (SI1S100)

T Go{m w— Quark
Gluon
Plasma

N

(=}

o
T

100 -
Hadron

Temperature, T (MeV)

SIS100/300 @ FAIR

0 500 1000

Baryon chemical potential, pg (MeV)

o how matter and complexity emerge
o evolution of our Universe
o origin of the chemical elements
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observations how observations how 4
large objects small objects #

behave in our behave in our (&8
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Building the future together

~1°000°000 000 000 000 000 000 000 000 meter
~0.000 000 000 000 000 000 01 meter

observations how observations how 4
large objects small objects #

behave in our behave in our (B
universe laboratories

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

HIGH-ENERGY PHYSICS v\ - > \
RESEARCH CENTRE b

Thank you for your attention!
Jorgen.DHondt@vub.be
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