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observable quarks

universe >10%m
8.8 10°°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
distar\ce light biological cell proton
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farthest human object
from Earth (Voyager 1) atoms



obstervable visible with quarks
universe our own eyes >10"m
8.8 10°°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
distahce light biological cell proton
travels in one year neutron

farthest human object
from Earth (Voyager 1) atoms



large surface/volume observatories e
& 4 y powerful accelerators

obstervable visible with quarks
universe our own eyes >10"m
8.8 10°°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
distahce light biological cell proton
travels in one year neutron

farthest human object
from Earth (Voyager 1) atoms



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 OBJECTS
Standard Model of Cosmology

Standard Model of Particle Physics

need to be valid into even the tinniest cracks of space and time

and for all energies or masses of the objects... even at the extremes
11



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

observations how 4
small objects
behave in our \
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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
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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
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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 ~ touchscereens

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 observations how

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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higher energy interactions

in the lab
>
6)/‘*
%
@
o
GJ‘
Innovate Techno\ol;glv
. viciple visiblé
+o make the invisible & s
s&Q}Q/ ({oo &
SN
(N
& L
o (_)’b{k\

higher energetic phenomena
in the universe
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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)

21



Extending our models with new phenomena

(assuming our basic principles and theoretical frameworks hold)

\c ‘I_‘> O_
s P~ = 5E
. * iF Dy B8 new =
* e hupoc Bhenon g S SHiP
.' +Ref-V©) ' connection e §E —6— /
NAG2++
(coupling strength) = IAXO / NA62 et
: b 3 7 - "/ NAGA++ | FVER
2 (Pt REDIOP
ﬂ o TauFV
o 12 FASER  gpy
. _ ® CODEX-B
Requires a coherent portfolio of IS MATHUSLA
. (D . .
complementary experiments to w 4ol /o Willgan. |
cover the whole parameter space E Planck scale
. o . (&)
where new physics can be hidding i i i i i I I
21 -15 -9 -3 3 9 15

mass of BSM state = log;om,[eV]



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 ; -

ddress op
ontod rammes.

ded research prod

cting our ambiti

jes refle
strateg 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
a common origin?

E? Intensity [GeV m 2 s ! sr71]

[ into the global
Multi-Messenger
Realm for Astronomy
to discover the sources

10~ ‘

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

3unyel eyep

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

array .

* TPC with
central dark
matter target

- Cathode

- Bottom
photosensor
array

(£20z puoAsq) ¥Yad spJemoy |esodoud
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Major underground Facilities in Europe — Dark Matter

ultimate low background
astroparticle physics

observatories
o

proposal

Boulby Underground
Laboratory, UK

Dark Matter-Nucleon Og; [cm?]

where the neutrino backgrounds dominate

-

-

-

E : 2 ==

3 A% L et

P N

000  Neutrino Floor
10° 10* 0t 10 10

M, [Tev/c’]

reaching the “neutrino floor”

Laboratoire 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 - . g = B
ReSﬁarch = . . R X
Facility N

What is the absolute mass scale?

How does the neutrino mass
spectrum looks like?

Measure the oscillation
probabilities of neutrinos and
antineutrinos will ultimate

Incoming beam:

precision, e.g. at the Long- ‘ $00% mason neutrinos
Baseline Neutrino Facility (LBNF) - e : — | e
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 @ T2K (near detector)

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

o

—-=

= =————

Within the next decade, we will now 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]?novated experimental and theoretical -

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

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
« Barrel layer: Crystal + SiPM
w Gain Avalanche Diodes

W New Tracker
merensed granulaity - ighter
ado " Endeap layer: Lo

it (strips) for Trigger
3.8

B - Extended cover



(HL-)LHC as a catalyser for dedicated experiments

Additional opportunities with high-energy proton collisions

Current flagship (27km)

impressive programme up to 2040

FASER

tors  emulsion+target

480m from ATLAS

2m long
1.5 m long

ermanen

spectrometer

paj|easul Suiaq

Long Lived Particles

Light & weakly coupling particles

Milli-charged particles

Magnetic Monopoles (MoEDAL)

MATHUSLA

100-300m from IP
PR

B
=
5
]
wo,

CODEX- b

pajeJisuowap Suiaq

oooooo

cccccccccc
nnnnnnnnnnnnnnnn

|esodoud

10m

Barrack D

UXA shield

E

CODEX-b

AN
)
|esodoud

41



(HL-)LHC as a catalyser for dedicated experiments

Current flagship (27km) =
impressive programme up to 2040 > 0— |
~ | coMPLEMER
g A SHiP
= SO o
—_——— = IAXO / / mgi; NAG2++
HL-LHC@CERN S 2 . KLEVER
- ' %D DMX
= T -12- T
; = I EDM
= CODEX-B §
(S § MATHUSLA
(‘2" o ( < ~M'”¢Q3n" __________ =
E Planck scale
3
| | | I | i I
=21 =15 =9 =5 3 9 15

mass of BSM state = log;om,[eV]



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

The CERN accelerator complex and the LHC — protons from Booster only <0.1% to LHC

A
NS 4
N

LHC

North Area

ISOLDE AD
51 1.59

SPS

PS SPS
30% 99

T2

HiRadMat

n_TOF
2011 [t 15 3%

OO0

ELENA  AD

PsSB PS Booster

m 2016 (31 m) ISOI-DE ISOLDE Isotope Separator On Line Device
PS Proton Synchrotron ” ’
EA East Experimental Area
AD Antiproton Decelerator \/ o
h RiBs REX/ HIE SPS Super Proton Synchrotron
P 20012015 fastArea n_TOF  Neutron Time-of-Flight facility
n-ToF i i LHC  Large Hadron Colider
[ 2001 | = I ‘ NA North Experimental Area o Quantity of protons used in 2016 by each
\ ,// P S Other uses, including accelerator studies (machine [ﬁ ) ] o accelerator and experimental facility, shown as
- ‘// / 1959 (626 m) development) a percentage of the number of protons sent by
L LNAC? the PS Booster
LINAC3

2005 (78 m)
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Kaon physics from NA62 to KLEVER @ SPS-CERN

During HL-LHC era

During LHC era
KLEVER Detector layout for K; — 70
A LAV 1821 AV 22-26 LKr
AFC\ LAV 1-12 LAV 13-17 i
S IH HIHI ‘‘‘‘‘ ===t T -
| X
IRC
. v i SAC
running Fv similar to NA62 but  cpv
S0m 105m 155m  hasically a new detector 241:5m
proposal
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Kaon physics from NA62 to KLEVER @ SPS-CERN

[ Min. flavor viol.
O ziz', LHT
[ Randall-Sundrum

| BR(x, — 2%v7) x 107" |

ex " oc Im ALy / My

AL +Ag | XIAY|
eneral NP o $
M,

e During HL-LHC era

During LHC era

Detector layout for K; — #0vv

A LAV 1821 LAV 22-26 LKr
AFC\ LAV 1-12 LAV 13-17 ‘ {
bl ___—"‘ :
£ J — T 1| #
4 R | Lol L AL ‘<_~ e e
) | \
IRC
. v SAC
runnin < FV . .
g similar to NA62 but cpv

155m  hasically a new detector 2415m

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

Current flagship (27km)

impressive programme up to 2040

coupling strength = 108,08/ M ediator [GEV ]

a high-energy proton collider is a
catalyser for a unique portfolio of
complementary research

o
|

SHiP

/ NAB2++  Npgo++
NAGS-++ e ==y

_12_

_18_

I KLEVER

- oW REBTOS

Iﬁliviﬁ- J TauFV
FASER EDM

CODEX-B
MATHUSLA
MilliQan

ol o o o =]

Planck scale

| | | [ [ I |
=21 =58 =g =5 3 9 15
mass of BSM state = log;om,[eV]
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Future high-energy particle colliders

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

\
Example

expected precision on
the measurement

of the W-H coupling

> complementarity
~0.3%

~0.1%

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

( 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 48



our eyes on the structure of things



Quarks & gluons built up hadrons & ions

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 \ quarks & gluons ]
\ ! y,
used in experiment used in Lagrangian

(applications) (first principles)



Quarks & gluons built up hadrons & ions

colour

confinement
coupling ~ 1

‘------------\

4

experiments with protons

'y

confined”
proton

O T —
- ---—,

\

\------------‘

used in experiment
(applications)

Low energy e-
point-like
e 2
e-
v e

Very high energy

sea of quarks and gluons

4

asymptotic

freedom
coupling <<1

‘___________‘

[
I
I
I
I
|
I
I
\
\

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

Kinematic range Parton Distribution Functions

~5-7% uncertainty

0107;_ s
onthe o(W,ZH) > | = reche
I e BSM
pp @ 100 TeV 0% om uEma S

e
(2]

0.4 no FCC-eh
0.3

0.2 E

B PDF4LHC15
NFCC-eh

ONORGE

>
o
£
©
=
8 o1
€ of
5 onf
o 01
2 0.2¢
ohd =
© -03E \'\
2 ot with FCC-€
-0.5 E L L MY
102 10° 10%
My [GeV] ~1% uncertainty

on the o(W,Z,H)




Electron-lon Collider (EIC)

World’s 15t polarized e-p/light-ion & 15t eA collider

User Group >1000 members: http://eicug.org

9 & &

electron

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

Towards a 3D partonic
image of the proton

Vsep =(29-140 GeV)

Electron
Injection
Line Possible
On-energy
lon Injector

Electron
Storage

Ring Electron
Cooler

G.oHider

Possible
Detector
Location

.
Polarized
Electron

Source
Electrons

lons

Possible /

Detector /

Location Electrons

Electron
Injector (RCS) 7 o
4
beams from ~2030

(Polarized)
lon:Source

Booster.
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Quarks and gluons built up hadrons and ions

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 g inci
q f (first principles)

(from a gas state to a quark-gluon plasma) 54



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

=
3]s}



Heavy lon physics from RHIC & SPS to NICA & FAIR

Nuclotronased lon Collider FaciIity@ JINR

I B >

I LHC

| I RHIC

I sPS

200 - I NICA (collider)
I FAIR (SI1S100)

T Go{m w— Quark
Gluon
Plasma

Hadron

Temperature, T (MeV)

SIS100/300 @ FAIR

0 500 1000

Baryon chemical potential, pg (MeV)

Multi-faceted research to deepen our
knowledge of how matter and complexity
emerges from the fundamental building
blocks of matter and the forces among them
and will open a new era in the understanding
of the evolution of our Universe and the
origin of the elements.




~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 (&8
universe laboratories
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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

&
%, E

Q, O
Model of P

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 basic principles and/or our theoretical frameworks.

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

>
HIGH-ENERGY PHYSICS v\ - >
RESEARCH CENTRE b
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Exploring and strengthening synergies

Initiated a series of
Joint ECFA-NUPECC-APPEC Seminars
(JENAS)

European Astroparticle

Physics Strategy
F 2017-2026

ECFA: European Committee for Future Accelerators

NUPECC: Nuclear Physics European Collaboration Committee
APPEC: Astroparticle Physics European Consortium

First JENAS event at Orsay, 2019: https://jenas-2019.lal.in2p3.fr

.‘.'(( NuPECC
Long Range Plan 2017

Perspectives
@ in Nuclear Physics



https://jenas-2019.lal.in2p3.fr/

Major underground Facilities in Europe — Ov[3[3

1/20 demonstrator running

SuperNEMO
N

.

lTracker I |Souroe Foil | ITracker |
N N [

Laboratorio Subterraneo

Sandford Underground de Canfranc, Spain

Research Facility, USA

NEXT-100

» o

construction

Boulby Underground

Laboratory, UK Laboratoire Souterrain

de Modane, France

Laboratori Nazionali
ly

-‘.

oy fibers

different technologies to
reach Ty, > 102y
sensitivity for discovery

neutrino sector
mass — nature — hierarchy

onstructton-200kg

Optical

curtain

HPGe
detector
arr

SiPMs

demonstrators
operational




The absolute mass of the neutrino (v,)

KATRIN experiment at KIT (Germany) —a 70m long experimental setup

KATRIN | Tritum Source || Transport Section | Pre- and Main-Spectrometer || petector
spectroscopic energy measurement = - .° -
v, v .
of the [-electrons from 3H [-decay "H o ¢ o’ — N ° .- .
e e = e/s
sensitivity down to about 0.35 eV (50) i _ ol
>~ . //
P 9
d\ ~ kinematic parameters E= 18600 eV 'sﬂe ke

34 < ‘ ’ &
energy conservation
3He

g 10 entire spectrum E / region close to endpoint "
5 ,E 03 mive)=0eV
g 06 /‘
= [ o4}
B / R Tritinium decays, releasing Electrons are guided towards The electron energy is At the end of their journey,
/[ o2} Wi decays n ast 1oV an electron and an anti- the sprectrometer by analyzed by applying an the electrons are counted at
mive)=1le 3 & S ey & o s <
02 - electron-neutrino. While the magnetic fields. Tritium has electrostatic retarding poten- the detector. Their rate varies
/ L 3 2 , 0 neutrino escapes undetected, | to be pumped out to provide tial. Electrons are only with the spectrometer poten-
EZI S0 511 & E-EgeV] the eletron starts ist journey tritium free spectrometers. transmitted if their Kinetic tial and hence gives an
AR e, to the detector. energy is sufficiently high. integrated B-spectrum.

running
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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

CMS

LHC

North Area

SPS

T2
AWAKE\/
ATLAS
HiRadMat
2011 )
EI.E\IA
- ISOLDE
m BOOSTER
—~ RiBs REX/HIE

20012015 e

n-ToF —
2001 | \ PS I
A

L LINAC2 ’

LINAC3

o 2005 78 m)

OO

Isotope Separator On Line Device

East Experimental Area
Antiproton Decelerator
Super Proton Synchrotron
Neutron Time-of-Flight facility
Large Hadron Collider

North Experimental Area
Other uses, including accelerator studies (machine

Quantity of protons used in 2016 by each

o accelerator and experimental facility, shown as

a percentage of the number of protons sent by
the PS Booster



Precision physics with antimatter @ CERN

A A A A A A A A A B A A A A A B I A A B A A A I B A A B A B A I B B I A I D e
prd L Leilrerliei] «ivs [ron[renliei| ol [iswe]8n) wufie. | fec)oes]zei] o] Toafvnc[ret]-ot] w ] [ipc] 2] Jlis i)
[Flelslrlolelolsdolslslololo]s e ptr—
I /

R
1)
i

Devoted to antiproton and
antihydrogen properties

B
/Sl —— )

antiprotons from 5 MeV

to 100 ergy =
; ’QOOxﬁ I‘/ ‘ I---lll

ELENA secures antimatter

AT

AR

AEgIS — Antihydrogen Experiment: Gravity, Interferometry, Spectroscopy
ALPHA — Antihydrogen Laser PHysics Apparatus

ASACUSA — Atomic Spectroscopy And Collisions Using Slow Antiprotons
ATRAP — Antihydrogen TRAP

GBAR — Gravitational Behaviour of Antihydrogen at Rest

BASE — Baryon Antibaryon Symmetry Experiment
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European Spallation Source (ESS) at Lund (Sweden)

Fundamental Physics Beamline — Physics with Cold Neutrons

A

\

NNBAR experi Ment - from 2030 onwards
Baryon Number Violation with neutron-antineutron

oscilations (up to 300m)
(3 orders of magnitude more sensitivity)

Site Plan

Potential 2
nnbar site \

proposal

Linear Accelerator producing up to
5 MW beam of 2 GeV protons

(first science from 2023, full operation 2026)

/;:May 2020 (Cour:tesy: Perry Nordeng/ESS)




Charged Lepton Flavour Violation
Towards the MEG-Il and Mu3e experiments @ PSI (Switzerland)

Flavour Physics

(

.

Mu3e experiment
search for u* > e*ee?

new beamline in next 5-10 years with
most intense muon beam with >10°
muons/s decaying in the Mu3e
detector

sensitivity to BR(u" > e*ee*) ~ 1016
(10% improvement)

J

being installed

Phase 2 2053,

recuri pixel outer pivs] y

e layers VS p
7 emm———— L N\ layers

N //

Phase 18 20,1 scinfillating £
fibres ° J
_ Phase 18 3¢,
21

Phase 14 2020/2071 Phase 2 2053,

Technical Design: https://arxiv.org/abs/2009.11690

magnet arrival —July 2020

5]
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maximum sensitivity to Am2 =

10eV2  1eV? o1ev2 10™ 2ev2

N e u t rl n OS & emulsion neu'tnno factory ' i ;v
E . plastic scintillator OPERA OICARUS - =
From very short to long baseline B liquid argon .
. . . liquid scintillator
Running in Europe/Russia magnetised iron
ino- 1 . 'ICARUS
NeL{tr/no 4 .(RUSSIG) & SC,BOO,\,E", o v el NE
Solid (Belgium) = : -
STEREO (France) 2 .
S 100MeV ; 1077 eV
Zooming into anomalies < g
. . KARMEN 0
Sterile neutrinos o LSND 5
JSNS% B
& & - / Y 4 lerat
Neutrino-oscillation experiments using neutrinos from 10 MeV — /’ ',,’ . ﬁgﬁ?rﬁ]rgsor
nuclear reactors or accelerator beams, as a function of / Y, S dF 5 5SS
the distance from source to detector 3 /’ 4 4 Leezij(':(tr?r:os
and the peak energy of the neutrinos. Open markers T & D "'bl ﬁ Y
indicate future projects (for detectors in excess of 5 PROSPE’IC'_.d p DAN.SNSE S ,'QU e/() O?‘é B ,h K J European and/or JINR
kton, the area of the marker is proportional to the N t.?c’o '4 ‘\STE'F'QEO J RE . O e a}'/ ' involvement
detector mass) and italics indicate completed 1MeV o . / - 1/ (future)
experiments. The experiments are coloured according | | | | | T T
to target material. The “magic-baseline” neutrino 1m 10m Joo m 1km 10km 100km 103 km 104 km

factory proposed in the 2011 international design study
is plotted for reference.

oscillation distance

M. Rayner, CERN Courier



Charged-Particle EDMSs (CPEDM & JEDI Collaborations)

Towards a prototype storage ring — Flavour Physics & Axion Physics via oscillating EDMs
Feasibility studies

Extensive EDM activity throughout Europe

Neutrons: (~ 200 ppl.)  storage rings: (~ 400 ppl.)

*Beam EDM @ Bern 3

-LANLNEDM @ LANL - SueDM @ PS
. nEDM S &R 192 @ FNAL

- PanEDM @ ILL "0-2 @ JPARC

* PNPI/FTI/ILL @ ILL

* TUCAN @ TRIUMF

Molecules: (~ 55 ppl.)

AE%?S((;)(;eg,? ggt)e * BaF EDM%@ Toronto
+Fr @ Rik BaF (NLeEDM) @ Groningen/Nikhef
" Hg % Bonn s QLA
. Tl ACME) @ Yale
Ra @ Argonne YBF @ Imperial

* Xe @ Heidelberg
*Xe @ PTB
* Xe @ Riken

https://www.psi.ch/en/nedm/edms-world-wide

Ultimate goal of a dedicated storage ring
with 400-500m circumference is

PEDM sensitivity down to 10%° e cm
(today 10%° e cm)

Opportunity to modify the COSY storage ring at
the Forschungszentrum Julich (Germany) towards
a demonstrator and R&D for small EDMs



Charged-Particle EDMSs (CPEDM & JEDI Collaborations)

Towards a prototype storage ring — Flavour Physics & Axion Physics via oscillating EDMs
Feasibility studies

experiment
Extensive EDM activity throughout Europe <dewected an SR

Neutrons: (~ 200 ppl.)
*Beam EDM @ Bern

Storage rings: (~ 400 ppl.)
CPEDM/JEDI

-LANLNEDM @ LANL - muEDM @ PSI
il Ve N
- PanEDM @ ILL "9-2 @ JPARC

- PNPIFTI/LL @ ILL

- TUCAN @ TRIUMF

Molecules: (~ 55 ppl.)

1071
10710
10722

410"

Atoms: (~ 60 ppl.) .- e BaF (EDM®) @ Toront 10-28
. i 285 a oronto .
: (F:rs @@RPIT:(ER State — ,’f“sgr:“ ‘* EI?IE+ %ejzﬁﬁl% @ Groningen/Nikhef 1031
) ThO (ACME) @ Yale 4
: YBF @ Imperial 10
/’k

*Hg @ Bonn £ { »
*Ra @ Argonne WA
* Xe @ Heidelberg ) &
*Xe @ PTB N

* Xe @ Riken b

https://www.psi.ch/en/nedm/edms-world-wide

Ultimate goal of a dedicated storage ring
with 400-500m circumference is

PEDM sensitivity down to 102° e cm
(today 102 e cm)

o

- *Beyond
~Colliders
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Europeans at current and future colliders elsewhere

B-factory with e*e” at Y(4S)=10.5GeV

electron-ion collider

e*e  Higgs Factory

SuperKEKB (Japan)

= +4GeV36A
'\‘ | — » Belle Il
/ e et
—_
= : >

New beam pipe SUperKEKB \
‘ Ly
v :TJ

Add / modify RF systems
for higher beam current

Low emittance positrons
to inject

Damping ring ” -
i/

Low emittance gun
Low emittance electrons

toinject

running

Large European participation
in the Belle Il experiment

Injector
Linac

PPPPPPPP
nnnnnnn

planned beams from ~2030

Sizeable European fraction in
the EIC User Community

China has plans for CepC/SPPC similar to FCC

e

ILC (Japan)

~1800 cryomodules of ~12m

in Liquid He vessel

~16000 superconductive cavities of ~1m

: proposed

ESPP: “The timely realisation of the
ILC in Japan would be compatible with
[the European ambition for a

the FCC programme] and, in that case,
the European particle physics
community would wish to
collaborate.”
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Jaeckel, J., Lamont, M. & Vallée, C. The quest for new physics with the

Physics Beyond Colliders programme. Nat. Phys. 16, 393—401 (2020).

https://doi.org/10.1038/s41567-020-0838-4

- = =» Proposed beam
[ Proposed experiment
[ Proposed facility
[ Existing facility

eSPSlinac |- -----g------
3.5 GeV electrons

400 GeV protons |—>
I

|
A

A

«—{ 100 GeV protons

.
- 16 GeV electrons
X

NA64++, NA62++, KLEVER
COMPASS++, MUonE...

North Area

North Area beam lines

North Area targets

400 GeV protons

e = ~50 GeV electrons
AWAKE++



Table 1| List of projects submitted to the PBC study group

Jaeckel, J., Lamont, M. & Vallée, C. The quest for new physics with the

Physics Beyond Colliders programme. Nat. Phys. 16, 393—401 (2020).

https://doi.org/10.1038/s41567-020-0838-4

Experiment Physics case Status Time scale
NA61++ Charm in QCD phase transition Operational/upgrade studies  Near
NA60++ Caloric curve of QCD phase transition Feasibility study Medium
DIRAC++ QCD with pionic and kaonic atoms Feasibility study Medium
COMPASS++ QCD dynamics Operational/upgrade studies  Near
MUonE Hadronic vacuum polarization for (g — 2), Prototype/tests with beam Near
LHC FT (gas storage cell)  QCD dynamics and phase transition Installation/further studies Near
LHC FT (bent crystal) Magnetic and electric dipole moment of short-lived baryons Prototype planned/studies Medium
KLEVER Ultra-rare decays of neutral kaons Feasibility studies Medium
TauFVv Ultra-rare decays of tau leptons Design study in progress Long
REDTOP Ultra-rare decays of eta meson Proposal Medium
NA64++ Dark photon searches with electron and/or muon beam dump Operational/upgrade studies  Near
LDMX Dark photon searches Design study in progress Medium
AWAKE++ Dark photon searches Exploratory studies Long
NA62++ Dark sector searches with proton beam dump Beam dump option studies Near
SHiP Dark sector, study of tau neutrinos Design study complete Medium
BabylAXO/IAXO Axion search (helioscope) Conceptual design/ Medium
prototyping

JURA Axion and axion-like particle searches Exploratory studies Long
VMB@CERN Vacuum magnetic birefringence Letter of intent/studies Medium
Facility Beam type Status Time scale
BDF High intensity 400 GeV protons for SHiP and TauFV Design study complete Medium
eSPS 16 GeV electrons Design study in progress Medium
nuSTORM Neutrino beam from a muon storage ring for cross-section measurements Feasibility study complete Long
EDM ring Polarized proton storage ring for EDM measurement Feasibility study complete Medium
Gamma Factory High intensity gamma-ray beam Design study in progress Long

The level of maturity (status) and approximate time-line (time scale) for each experiment/facility is indicated as in ref. : near term, before 2025; medium term, 2025-2030; long term, after 2030. See main

text for discussion of the individual projects.



From the LHC to the High-Luminosity LHC @ CERN

excavation
mostly done

~

60m system
demonstrator
successful
(CERN)

successfully tested (US) successfully tested
production ongoing / at SPS (CERN)
civil engineering “crab” cavity
two new 300 metre 16 superconducting “crab” cavities
service tunnels and  for each of the ATLAS and CMS
two shafts near to experiments, to tilt the beams
ATLAS and CMS L et ,‘JJ_ " before collisions ongoing
CMS tests on
focusing magnets bench
@ 12 more powerful quadrupole = bending magnets 4
#38\ magnets for each of the ATLAS b ; four pairs of shorter and some
=] and CMS experiments, designed ﬂ more powerful dipole .
GE/ to increase the concentration of ~y= bending magnets to free qua lified
superconducting links 7 the beams before collisions |4 up space for the new (CERN)
electrical-transmission lines ’ Ca collimators

based on a high-temperature
superconductor to camy
current to the magnets
from the new service
tunnels near ATLAS
and CMS

\ =

\

|

57

~ collimators
15 to 20 collimators and
60 replacement collimators to
reinforce machine protection [CERN Courier]
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Accelerated Beams (Beyond Colliders) at CERN

The CERN accelerator complex and the LHC — from protons to electrons in the SPS
CMS

eSPS accelerator

I.HC North /}rea &
Light Dark Matter eXperiment (LDMX)
ALICE o LHCb
TT40 'y -
SPS
m in parallel with HL-LHC
ATLAS
. ———
HiRadMat -
ELENA  AD
ISOLDE
m . BOOSTER
+FE::||
. _REX/H IE East Area

n-ToF — i | Beiraction tunnel

m ,,,, /\ PS o 3‘5Gev Linac Espv:rimen!al area
- «k ‘ Transfer to SPS

! LINAC2 é;:geletti'ation in SPS
action
IR NEW Extraction tunnel novel accelerator technology
LINAC3 e NEW Experimental area
lons W

(CLIC X-band, FCC-ee SRF, plasma drive beam, ...)

proposal, CDR just submitted 74



e*e” Higgs Factories

4y @ M, (150ab1)

5y @ 2xm, (1.5ab™)

1-2y @ 2xM,, (10ab
3y @ 240 GeV (5ab?)

& SWITZERLAND

)

Booster

N —
S CEPC@China [90-240-(350) GeV]

Positron Ring Electron Ring

Injection energy 10GeV

2y @ M, (16ab?)
1y @ 2xMy, (2.6ab™)
7y @ 240 GeV (5.6ab)

Linac

I I
Compact Linear Collider (CLIC) 7
| BN 380 GeV - 11.4 km (CLIC380) ;
pi W 1.5 TeV - 29.0 km (CLIC1500)
- 3.0 TeV - 50.1 km (CLIC3000)

8 years (1ab™)
P(e/e*) = £80%/0%

11.5 years (2ab™)
P(e/e*) = £80%/+=30%

~1800 cryomodules of ~12m

in Liquid He vessel

~16000 superconductive cavities of ~1m
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e*e” Higgs Factories

1000 ;

L [10%em™s™]

100 ¢

2 IPs assumed for FCC-ee —+—
circular colliders CEPC -
ILC
ILC-up.
CLIC --=m--
-
\El ;,..--F“"’ |
g
100 1000
Ecm [GeV]
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e*e” Higgs Factories

precision
frontier

synchrotron radiation

for the same power, less
luminosity at higher E.,
(Energy Recovery Linac

technology might mitigate this 1
& allow to go to higher E_,,)

2 IPs assumed for
circularl::olliders CEPC
ILC

ILC-up.
CLIC
CLIC-up

FCC-ee —+—

-
—
p—

energy
frontier

100 1000
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e*e” Higgs Factories

precision
frontier

synchrotron radiation

for the same power, less
luminosity at higher E.,
(Energy Recovery Linac

technology might mitigate this
& allow to go to higher E_,,)

1000 |

2 IPs assumed for CEPC

FCC-ee —+—

_ ‘ energy
circular colliders ILC f tl
ILC-up. rontier
CLIC --m-- -

»

Eem [

Higgs :
i Top I |
! o
\Ei :_ ___“_,_u..--"" ]
....... -
et
100 === 1000

Higgs Factories with complementarity

* g, (250GeV) versus g, ww (380GeV)
* top quark physics
* beam polarization for EW precision tests

(transverse polarization in circular e*e” colliders only at lower
E.n while longitudinal polarization at linear colliders)
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e*e” Higgs Factories

precision
frontier

synchrotron radiation

for the same power, less
luminosity at higher E.,
(Energy Recovery Linac

technology might mitigate this
& allow to go to higher E_,,)

1000 |

2 IPs assumed for FCC-ee

energy
frontier

circular colliders CEPC -
ILC
ILC-up.
CLIC --m-- -

8.5 years (4abt @ 0.5 TeV)

7 years (2.5abt @ 1.5 TeV)
8 years (5ab! @ 3 TeV)

1
1
I Top I 8.5 years (8hbl @ 1 TeV)

| { ] j

ol : o il ] CLIC

. ol A L
100 === 1000
Ecm [

Higgs Factories with complementarity

* g, (250GeV) versus g, ww (380GeV)
* top quark physics
* beam polarization for EW precision tests

(transverse polarization in circular e*e” colliders only at lower
E.n while longitudinal polarization at linear colliders)
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e*e” Higgs Factories (incl. B/c/t/EW/top factories)

precision
frontier

for the same power, less
luminosity at higher E.,

1000

AN

WW,

2 IPs assumed for
circular colliders

Higgs
T

op

FCC-ee —+—

CEPC -
ILC
ILC-up.

CLIC --=

8.5 years (4abt @ 0.5 TeV)
8.5 years (8ab! @ 1 TeV)

energy
frontier

=
* & il ] CLIC

7 years (2.5abt @ 1.5 TeV)
8 years (5ab! @ 3 TeV)

(Energy Recovery Linac / - ':"
technology might mitigate this 1 s ,! '
& allow to go to higher E.,,) /)0 - 1000
Som| Higgs Factories with complementarity
B/c/t/EW Factories
, * g, (250GeV) versus g, ww (380GeV)

per detector in e*e” #7 #B #1 # charm # WW . top quark thSiCS

LEP 4x10° 1x10° 3x10° | 1x10° 2x10 « beam polarization for EW precision tests
SuperKEKB - 101 101t 101 - (transverse polarization in circular e*e colliders only at lower

E.n while longitudinal polarization at linear colliders)
FCC-ee 2.5 x 1012 7.5 x 101 2x 101 6 x 101 1.5x 108
81




~0. 9%
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Today’s Flagship: from LHC to HL-LHC

The Higgs couplings are expected to improve
significantly with the HL-LHC dais

re
:~qs boson, there d
eo the H'QQS .
nature of new electron-positron
pare

Current flagship (27km)

impressive programme up to 2040

“Given the unique

elling scientific a:g_ ry”. The vision is to pre

a; 7; H;%QZ){‘LCtO V hadron collider with
0lIOW

cales anord
ile gddressing th
| cha

ESPP:

comp _
collider operating

a Higgs factory;

= S
ensitivity to energy

the LHC, wh

hose R and environmentd

With only 6 years of experimental and theoretical
innovations a factor of 2 improvement, and yet 20 years to
go into the research program

~Nb [
8Ty

llenges.”
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Zooming into the Higgs sector with colliders

Sensitivity for deviations in effective Higgs couplings
(from a global EFT fit — dim-6 SM Effective Field Theory) [ Dilerarek s 18 e ]

10
2L " B HL+HELHC W HL+LH HL+ILC2s0 HL+CLICasg HL+FCCee20 |=440~1
104k fit -
5 e ' I HL+CLIC1s00 HL+FCCee5 |-
] Sopamer 013 SMEFTyp fit M HL+CLICa000 B HL+FCCosiermn |-

R senSitlwtyat68%fordewattons g
10 - ¥ —— ...... -==410"2

S L bk TR e 9
GH_ ....................... I
5 ‘s
By 1-:: ***** = —{10-2 €
107 E- R R B BE || B - St e = B4 3 ‘ E e | ?104

ofw OO, OIS, Ofy Ofm O Ome 0 O 001z OK, Az

e
E Strong Interactions
Results of the SMEFT fit projected in effective couplings: g?g(z FIS{JX g

H—X

Physics themes of the Open Symposium of the

[J. de Blas et al., JHEP 01 (2020) 139] European Strategy for Particle Physics in Granada g,
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Results of the SMEFT fit projected in effective couplings:

Zooming into the Higgs sector with colliders

Sensitivity for deviations in effective Higgs couplings
(from a global EFT fit — dim-6 SM Effective Field Theory)

102

10

101

| migeerc we
Soptomber 2019

W HL+HELHC W HL+LH

SMEFTyp fit

HL+CLIC3g0

B HL+CLIC1s00
[l HL+CLIC3000

HL+FCCee240 |-
HL+FCCact0s |
B HL+FCCecrervmmn |-

[J. de Blas et al., JHEP 01 (2020) 139]

oo

gt gﬁ;’m 69.z Ok, Az

—m-gensitivity-at-68% for-deviations - - -

10~

102
o
%
10 €
10~

SHX

eff2 _ LHX
FSM

H—X

[ Electroweak & Higgs ]

Strong Interactions

Physics themes of the Open Symposium of the

European Strategy for Particle Physics in Granada g



Zooming into the Higgs sector with colliders

Sad gil%e]

.

Sensitivity for deviations in effective Higgs couplings
(from a global EFT fit — dim-6 SM Effective Field Theory)

10" -

today
HL-LHC expectation (6000fb1)

D HL-LHC @ e*e Higgs Factories (~250 GeV)

> HL-LHC @ e*e Higgs Factories (~250 GeV)

@ Energy Frontier
(ILC@1TeV, CLIC@3TeV, FCC-pp@100TeV)

| The improvement is in the complementarity!

WW)

[J. de Blas et al., JHEP 01 (2020) 139]
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Zooming into the Higgs sector with colliders

Complementarity between ee/eh/hh colliders — case for the FCC project
(Higgs coupling strength modifier parameters k;— assuming no BSM particles in Higgs boson decay)
(expected relative precision)

kappa-0-HL | HL+FCC-eepqp | HL+FCC-ece HL+FCC-ee (41P) HL+FCC-ee/hh  HL+FCC-el/hh | HL+FCC-hh HL+FCC-co/eh/hh)
iw [%] 0.86 0.38 0.23 0.27 0.17 0.39 0.14
Kz [%] 0.15 0.14 0.094 0.13 0.27 0.63 0.12
kg [%] 1.1 0.88 0.59 0.55 0.56 0.74 0.46
iy[%] 1.3 1.2 1.1 0.29 0.32 0.56 0.28
Kzy[%] 10. 10. 10. 0.7 0.71 0.89 0.68
Ke[%] 5 1.3 0.88 69 1.2 - 0.94
K [%] 3.1 3.1 3.1 0.95 0.95 0.99 0.95
Kp[%] 0.94 0.59 0.44 0.5 0.52 0.99 0.41
Ky [%] 4, 3.9 33 0.41 0.45 0.68 0.41
Kz [%] 0.9 0.61 0.39 0.49 0.63 0.9 0.42
Tw [%)] 1.6 0.87 0.55 0.67 0.61 13 0.4
ALL COMBINED
only FCC-ee@240GeV only FCC-hh
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Zooming into the Higgs sector with colliders

Complementarity between ee/eh/hh colliders — case for the FCC project
(Higgs coupling strength modifier parameters x;— assuming no BSM particles in Higgs boson decay)
(expected relative precision)

the coupling we looked

kappa-0-HL [ HL+FCC-cepqp | HL+FCC-ce  HL+] atonthe previousslide lee/nh  HL+FCC-eh/hh | HL+FCC-hh HL+FCCoco/eh/hh)
Kw [%0)] 0.86 0.38 0.23 0.27 0.17 0.39 0.14
Kz %) 0.15 0.14 0.004 0.13 0.27 0.63 0.12
kg [%] 1.1 0.88 0.59 0.55 0.56 0.74 0.46
iy[%] 1.3 1.2 1.1 0.29 0.32 0.56 0.28
Kzy[%] 10. 10. 10. 0.7 0.71 0.89 0.68
Ke[%] 5 1.3 0.88 69 1.2 - 0.94
K [%] 3.1 3.1 3.1 0.95 0.95 0.99 0.95
Kp[%] 0.94 0.59 0.44 0.5 0.52 0.99 0.41
Ky [%] 4, 3.9 33 0.41 0.45 0.68 0.41
Kz [%] 0.9 0.61 0.39 0.49 0.63 0.9 0.42
Tw [%)] 1.6 0.87 0.55 0.67 0.61 13 0.4
ALL COMBINED
only FCC-ee@240GeV only FCC-hh
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Zooming into the Higgs sector with colliders

Complementarity between ee/eh/hh colliders — case for the FCC project

(Higgs coupling strength modifier para m - - d' no BSM patrticles in Higgs boson decay)
. . . € coupling we looke
(expected relative precision) at on the previous slide

N y- N -
kappa-0-HL | HL+FCC-eepyp || HL+FCC-ee | HL+FCC-ee (4 1IP) HL+FCC-ee/hh HL+FCC-eh/hh\rHL+FCC-hh HL+FCC-ee/eh/lD
w [%] 0.86 0.38 0.23 0.27 0.17 0.39 0.14
Kz|%| 0.15 0.14 0.094 0.13 0.27 0.63 0.12
icg %] 1.1 0.88 0.59 0.55 0.56 0.74 0.46
icy (%] 1.3 1.2 1.1 0.29 0.32 0.56 0.28
Kzy[%)] 10. 10. 10. 0.7 0.71 0.89 0.68
ke[ %] 1.5 1.3 0.88 1) 1) - 0.94
K [%0] 3.1 3.1 3.1 0.95 0.95 0.99 0.95
Kp[%) 0.94 0.59 0.44 0.5 0.52 0.99 0.41
iy [%] 4. 3.9 35 0.41 0.45 0.68 0.41
Kz [%] 0.9 0.61 0.39 0.49 0.63 0.9 0.42
T [%] 1.6 | 087 | 0.55 0.67 | o6l 1.3 0.44
/ \_/deing 365 GeV runs adding FCC-eM \ ALL COMBINED
only FCC-ee@240GeV only FCC-hh
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Zooming into the Higgs sector with colliders

Complementarity between ee/eh/hh colliders — case for the FCC project
(Higgs coupling strength modifier parameters x;— assuming no BSM particles in Higgs boson decay)
(expected relative precision)

~ the coupling we looked - =X

kappa0-HL [ HL+FCC-cerso )| HL+FCC-ee | HL4| aton the previousslide fee/hh L+FCC-hh || HL+FCC-ee/eh/hh
Kw [%] 0.86 0.38 0.23 een 0.39 0.14
%z %] 015 017 ntarty betW 063 0.12
ieg[%] .1 comp\eme \:actor'\es 0.74 0.46
iy [%] 1.3 o Higgs 56 0.28
Kzy[%] 10. ee 4 89 0.68
Ke[%] 1.5 an olliders _ 0.94
K %] 3.1 k proto\’\ c : 0.99 0.95
iy [%] 0.94 0) : h_enefg\/ 0.52 0.99 0.41
K %] 4. 3) g 0.41 0.45 0.68 0.41
iz %] 0.9 0. 39 0.49 0.63 0.9 0.42
Tx[%)] 1.6 | 087 | 0.55 0.67 | osl 1.3 0.44

! \_/::dding 365 GeV runs adding FCC-eM \ ALL COMBINED
only FCC-ee@240GeV only FCC-hh

[J. de Blas et al., JHEP 01 (2020) 139]
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Zooming into the Higgs sector with colliders
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improvement factor adding
CEPC results additional to HL-LHC results
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Zooming into the Higgs sector with colliders

Comparable improvement from
HL-LHC to e*e” Higgs Factories
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Zooming into the Higgs sector with colliders

Comparable improvement from
HL-LHC to e*e” Higgs Fagtories
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8

Results from a global EFT fit for FCC-hh
with any of the four e*e” Higgs Factories pr

the coupling
we looked
at on the
previous
slides

osed

P e—

SMEFTyp

 —  avervem— | e
HLYLCyso 4fCC-hh  HLAELICgo}FOC-hh  HLLCEPCHCChY H

+FCC-ee36_5ﬂ

10 ] 035 046 038 021
| ge:;g:::[%] 0.36 0.46 0.36 021 |
o T 047 055 048 0.3%
g;f,‘i:[%] 078 0.83 0.76 0.72
g (%] 073 0.88 0.54 0.56
ghie[%) 3.1 22 3.1 17
Bhee| %] 1.8 39 1.8 1.2
gubb| %] 075 0.95 0.58 0.51
gHee(%] 0.78 1.2 0.61 0.54
gHup [%)] 0.54 0.61 0.53 0.46
8g17]x107 0.078 0.04 0.08 0.028
8 xy[x 102] 0.12 0.079 0.089 0.048
Az[x107] 0.042 0.043 0.1 0.047

Differences at e*e” colliders:

model independent total width ', measured at
circular (1.1%@FCC-ee) and linear (2.2%@1LC250)

the combination of 250 GeV and >250 GeV e*e data is relevant

ILC @ 250+500 GeV would reach 1.1%
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Zooming into the Higgs sector with colliders

The Higgs boson cubic self-coupling (i3)
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Zooming into the Higgs sector with colliders

The Higgs boson cubic self-coupling (i3)
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Colliders i
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impressive programme up to 2040

BI S )

attractive combinati
bination of precision & energy fronti
er

ESPP: “Europe, together W gtional partners, should investigate the technical and

financialfeasibility of a future hadron collider at CERN with @ centre-of-mass energy of at least
100 TeV and with an electron-positron Higgs and electroweakfactory as a possible first stage-
Such a feasibility study of the colliders and related infrastructure should be established as @
global endeavour and be completed on the timescale of the next Strategy update.”

Jwrissp sioqunu

itiate discussions with potential major partners as
tudy for such a project being hosted at CERN.”

EsPP: “CERN should in
part of the feasibility S

3y

10y @Wlltzh HL-LHC: LHeC e Nb3Sn } \ g
2TeV - — 4 A
eV (lab™) 16T rh.agnet* AP 25y @ hh 100 TeV (30ab)
S %3 @ eh 3.5 TeV (2ab?)

updated CDR 2007.14491

y
aroun 26, veri?y ifiti ]
b ( d 20 ) Itis fEGSIb/E to p/an for success
techn adm. & 1'mancial/y & globa/ governa )
hn. & nce

potential alternati
tives pursued @
CERN: CLIC &
: muon collider
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Advancing Accelerator Technologies

continue the development of

High-Field Magnets Plasma

CLIC accelerator technology S e
X and other high-gradient -
3 accelerating structures W 13

laser driven

Trapped lonizing Proton
electrons pulse bunch

Strong EU support, e.g. < Y

' EuPRAXIA, EuroCircol, .“.@’ b 4
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‘ EASITrain, E-JADE, ...

PERLE @ UCLab Orsay - acceleration
first 10 MW power ERL facility =~
TDR by 2022...., : Accelerator and
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Roadmaps will be collaboration ?
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Advancing Accelerator Technologies
High-Field Magnets

continue the development of

CLIC accelerator technology pcsing e ]
and other high-gradient

accelerating structures

Plasma

TDR by 2022, v 7

inj

Accelerator and
DetECtor R&D acceleration llider ring

Roadmaps will be collaboration g@ 't
for design A iocuini
developed study 3 Tev positron linac 8 4

(2021) and >10 TeV 18 ,
Muon Collider

= accelerators:
linacs, RLA or FFAG, RCS

NG s amtes e P

Energy Recovery Linac
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Colliders in Europe at the energy & precision frontier

low-mass hidden sector
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S
% | compLEM
2 v SHiP
= i ) I i
= : KLEVER
¥ JUR axion th\'}"E’; REDTOP
I -12- arena (rser N eont
Eo (non-accelerator) : CODEX-B |
< ) MATHUSLAI
n A
& 18 ' ~M'”¢Q3n" __________ =
S Planck scale
8
| | | | | | |
=21 =15 =9 =3 2 9 115)

mass of BSM state = log;om,[eV]
CERN Courier
“portal” representation of physics potential to demonstrate complementarity



Axion Physics with “old” and new magnets in Europe
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High energy ep collisions — from LHeC to FCC-eh

together with FCC-hh

i
Location L chosen for
geological reasons.

5 i\

‘ ( o ) )

_hh e he

together W/th HL-LHC

ST
O ,

Smaller PERLE demonstrator for high power ERL at
Orsay with maximal beam energy of 0.5 GeV operation
within the decade.
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Empowering the HL-LHC program with the LHeC

LHeC (up to 60 GeV e from Energy Recovery Linac)

=
Eoms = 0.2 — 1.3 TeV, (Q3x) range far beyond HERA | <" |
O

run with the HL-LHC (= Runb5)

@ EXISTING INFRASTRUCTURES _
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P2
LHeC M\
e
/ L \

\‘ P5
" up to 10x improvements of \7

PDF/a syst. uncertainties in
Higgs production cross
sections at HL-LHC
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[updated CDR submitted: https://arxiv.org/abs/2007.14491] 102



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

The CERN accelerator complex and the LHC — protons from Booster only <0.1% to LHC

LHC
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P fastArea n_TOF  Neutron Time-of-Fiight facility
n-ToF l LHC Large Hadron Coliider
[ 2001 | = NA North Experimental Area e Quantity of protons used in 2016 by each
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Fascination for what is discovered
at the frontiers of knowledge



