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Four pillars underpin CERN’s mission

RESEARCH

COLLABORATION

TECHNOLOGY
& INNOVATION
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ATLAS and CMS.

ATLAS

SUPERCONDUCTING LINKS

Electrical transmission lines based on a high-
temperature superconductor 1o carry the very

high DC currents to the magnets from the

powering systems installed in the new service

tunnels near ATLAS and CMS.

Technolo

CIVIL ENGINEERING
2 new 300-metre service
tunnels and 2 shafts near to

16 superconducting “crab”
cavities for the ATLAS and
CMS experiments 1o tilt the

A

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for the ATLAS and CMS experiments,
designed to provide the final focusing
of the beams before collisions.

CRYSTAL COLLIMATORS
New crystal collimators in the
IR7 cleaning insertion to improve
cleaning efficiency during
operation with ion beams.

15 to 20 additional collimators and
replacement of 60 collimators with
improved performance to reinforce

CERN Faseuary 222
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CERN’s scientific strategy and programme based on 3 pillars

Full exploitation of the LHC:

*  Successful Run 3: Vs =13.6 TeV
* High-Luminosity LHC upgrade (construction well advanced) - starts in 2029 ends ~2041

Scientific “diversity” programme complementary to LHC experiments:

« Current experiments and facilities at Booster, PS, SPS and their upgrades (recently AD-ELENA, East Area)
« Participation in accelerator-based neutrino projects outside Europe (presently mainly LBNF/DUNE)

» Future opportunities fostered within “Physics Beyond Colliders” study group

Preparation of CERN'’s future:

* Intense accelerator R&D programme
» Future Circular Collider (FCC) Feasibility Study - final report in 2025
« R&D and design studies for other scenarios: CLIC, muon colliders

Based on 2020 update of the European Strategy for Particle Physics (ESPP)

Note: next ESPP update recently confirmed for 2024-2026



European Strategy for Particle Physics 2020 Update

The successful completion of the high-luminosity upgrade of the machine and
detectors should remain the focal point of European particle physics, together with
continued innovation in experimental techniques.

The full physics potential of the LHC and the HL-LHC, including the study of flavour
physics and the quark-gluon plasma, should be exploited.

2022 Snowmass Energy Frontier Summary

Our highest immediate priority accelerator and project is the HL-LHC, the successful
completion of the detector upgrades, operations of the detectors at the HL-LHC, data
taking and analysis, including the construction of auxiliary experiments that extend the
reach of HL-LHC in kinematic regions uncovered by the detector upgrades.



HL-LHC - goals

Prepare the machine for operation beyond 2025 and up to ~2040
Operation scenarios for:

« Total integrated luminosity of 3000 fb-! in around 10-12 years
* An integrated luminosity of ~250 fb-* per year
« Nominal: levelled luminosity of 5 x 1034 cm2s! (events/crossing ~130)

« Ultimate: levelled luminosity of 7.5 x 1034 cm~s! (events/crossing ~200)






High Luminosity LHC (HL-LHC)

LHC HL-LHC

13.6 TeV 13.6 - 14 TeV

EVETS

13 TeV energy
Diodes Consolidation
splice consolidation olimit LIU Installation -
7 TeV 8 TeV button collimators |n eraction ) inner triplet . Al LH?
— reglons Civil Eng. P1-P5 pilot beam radlahon lirnit installation

R2E project

5 to 7.5 x nominal Lumi_,

ATLAS - CMS
experin'!ent upgrade phase 1 ATHIT_AS _ %MS /
peam pipes nominal Lumi 2 x nominal Lumi ALICE - LHCb ___2xnominal Lumi : sparace

75% nominal Lumi I/_' upgrade

1 1 integrated [RAUMVR
30 fb 190 fb m luminosity EOVORLR
HL-LHC TECHNICAL EQUIPMENT: N
DESIGN STUDY PROTOTYPES CONSTRUCTION | INSTALLA [ION & COMM. |||| PHYSICS

LS2 LS3
LHC Injectors Upgrade (LIU) completed Installation of HL-LHC machine
Phase-1 upgrades: major for LHCb and ALICE Phase-2 upgrades of ATLAS and CMS



Connection to LHC (UL)

Service gallery (UR)

——
= DFHX

CC Powering System

Service cavern

Crab cavities

The HL-LHC project is now in an advanced stage with
3/4 of the budget committed. Although schedule risks
remain in several areas, the CMAC is convinced that the
project will be ready for implementation in LS3.




HL-LHC - Phase Il upgrades for ATLAS and CMS

ATLAS Phase-ll upgrade

ATLAS

EXPERIMENT

Toroid mtgnets

LAr el

Muon chambers Solenoid magnet | Transition radiati
Semiconductor tracker
New Muon Chambers New Inner

Upgraded Trigger and
Data Acquisition system

I N at 1 MH>

CMS Upgrades for HL-LHC .

New paradigms (design/technology) for a HEP experiment to fully exploit
HL-LHC luminosity

Barrel Calorimeters
L1-Trigger/HLT/DAQ : ,

https: .cern.ch/record/2759072
* Tracks in L1-Trigger at 40 MHz

* PFlow selection 750 kHz L1 output..;
* HLT output 7.5 kHz

* 40 MHz data scouting b/

¢ ECAL crystal granularity readout at 40 MHz with precise
timing for e/y at 30 GeV
* ECAL and HCAL new Back-End boards

Muon systems

h : .cern.ch/record/22831
« DT & CSC new FE/BE readout

"+ RPC back-end electronics

.+ New GEM/RPC1.6<n<24

« Extended coverage ton =3

Calorimeter Endcap

https://cds.cern.ch/record/2293646
* 3D showers and precise timing
* Si, Scint+SiPM in Pb/W-SS

Beam Radiation Instr. and Luminosity

http://cds.cern.ch/record/2759074

* Bunch-by-bunch luminosity
measurement: 1% offline, 2% online

. \/’1 : ‘ '
MIP Timing Detector

https://cds.cern.ch/record/2667167
Precision timing with:
* Barrel layer: Crystals + SiPMs
* Endcap layer: Low Gain Avalanche Diodes

Tracker https://cds.cern.ch/record/2272264
« Si-Strip and Pixels increased granularity

* Design for tracking in L1-Trigger

* Extended coverage ton = 3.8




HL-LHC - full physics programme

Headline deliverable is 3 ab! proton-proton

Peak luminosity [1 034cm'25'1]

With ion
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The HL-LHC offers a unique opportunity to test BSM physics

Higgs & electroweak
symmetry breaking

— —

New particles

— —

Heavy New Physics

—

—

Dark Matter/dark
sector

Flavor sector

— ——

Opportunities

Precision program,
rare events, CPV

New resonances,
squeezed spectra,
long lived particles

Open problem in particle
physics

EWSB

hierarchy problem

Effective field theories & effects
in distributions at high energy

Light dark resonances
at the LHC/LHCb!

Indirect tests of
flavorful New Physics

Dark matter,
baryon anti-baryon asymmetry,
strong CP problem,

flavor puzzle




A diverse physics programme

ALICE 3 proposed for LS4
LHCDb Upgrade Il proposed for LS4

Forward physics

« Precision Proton Spectrometer Il (PPS 1)

Neutrinos
 SND, FASERnNu, Forward Physics Facility (FPF)

Long Lived Particles/FIPS

- GPDs, FASER, SND, MoEDAL, milliQan, FPF, CODEX-b,
MATHUSLA, ANIBUS

Fixed target

«  SMOG-2@LHCb, LHCspin, TWOCRYST (A" MDM/EDM)

LHCb
UPGRADEII

Technical Design Report




Future Options at CERN

Within specified timeframe (start ops. ~2045)

e FCC-ee
e CLIC

Outside specified timeframe

« FCC-hh - natural continuation of FCC programme

e Muon Collider

Options possibly in timeframe not at CERN: ILC, CEPC
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FUTURE

CIRCULAR FCC Integrated Programme

Comprehensive long-term programme maximizing physics opportunities:
« Stage 1: FCC-ee (Z, W, H, tt) as a Higgs factory, electroweak & top factory at highest luminosities
« Stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, proton-proton with options

Injection transfer lines proposed to be
into booster PA(Experiment site Azimuth = -10.2* installed inside FCC-hh ring tunnel
: Azimuth = -10.2°

——————

Injection into collider Injection
Injection

Technical site
PL

Technical site
Beam dump Rl

LSS =2160m : "~ Technical site

LSS =2160m PB
P Beam dump

. FCC-hh ~

Arc length = 9616.586'm I

Booster RF
.

Schematic of an
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FUTURE
CIRCULAR
COLLIDER

Feasibility study (2021 — 2025) ongoing

Major achievement: optimization of the ring placement
Layout chosen out of ~100 initial variants, based on geological,
urban, environmental & infrastructure constraints.

Baseline: 90.7 km ring, 8 surface points

Whole study now adapted to this placement

Injection
into booster . .
PA.(Experiment site)

SSS=1400m

Azimuth = -10.2°

Injection into collider

Technical site LSS = 2160 m Technical site

LSS =2160 m

PL PB
Booster RF N P . Beam dump
N /
N 7
N s/
N s
= /
Arc length 9516.535‘111\ p booster
o s
Y e
SSS = 1400 N
T + - _rn ______ \( __________ + T
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Experiment p 4 ~ N Experiment

site) y \ site)

/ N
e Y
s N
e S
s/ N
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Collider RF Betatron &
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momentum
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. PA: Experiment
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Underground Civil Engineering Schematic +

s FCC Tunnels
e Experimental points
@ Access points
e Service caverns
. Connection tunnels
e Electrical alcoves
Klystron galleries
S Tunnel widening
FE Injection tunnels
SPS/LHC

Tunnel Circumference: 90.7 km

Injection Tunnel

Excavated vol: 6.2 Mm?3 (in the ground)

Large Experimental
area

Access shafts: 12

Large experiment areas: 2

Small Experimental
J area

Small Experimental
area

Small experiment areas: 2

Technical points: 4

F

Technical Access

Deepest shaft: 400 m

H

Booster RF system

Average shaft depth: 243 m G

FCC Feasibility Study Mid-Term Review
well received by CERN Council Feb. 2024 [Notto scale



FCC

@

2025
FS delivery

@ @

2028

Project
Approval

~2032

Start Tunnel
Construction

@

~2038
Start Installation

@

~2045

Start FCC-ee
commissioning

25 26 27 28 29 331,32 33 34 35 36 3738 35 20 1l laslas 7l

®

LHC

2026-28 2029
Installation Commissioning

®

®

LS4

ALICE 3
LHCb Il upgrade
(tbc)

2041
End HL-LHC

®

Indicative timelines



ALICE

—— —

LHC ‘North 4o+ Neutrino |

: Area Platform '

Wide range of secondary
hadron/lepton beams S
p
e
SPS

HiRadMat —= ATLAS

Neutrons

P H (hydrogen anion)

:
n
LINAC 4
H™ \

LINAC 3
lons

) ions

P RIBs (Radioactive lon Beams) p n (neutrons)

Antiprotons Radioactive

1 MEDICIS \_lon Beams
BOOSTER ?LPTE
<> RIBs

Primary p and ions,
secondary beams of
hadrons, leptons

e 7
A 4
,| LEIR

| CLEAR

Electrons

21

P p (antiprotons) P e (electrons)



P H (hydrogen anion) » p(r

LHC ‘North 1" Neutrino !
; Ar ea Platform 1
ALICE s " LHCb
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Protons from Booster: <0.1% to LHC

\/ I§0LDE
PSB (/ PS
100% 3
o
PSB PS Booster
ISOLDE Isotope Separator On Line Device
PS Proton Synchrotron
EA East Experimental Area
AD Antiproton Decelerator
SPS Super Proton Synchrotron
n_TOF  Neutron Time-of-Flight facility
LHC Large Hadron Collider
NA North Experimental Area
Other uses, including accelerator studies (machine
development)

O

000

> OOOA

EA
).6

AD

SPS
y

n_TOF
153

LHC
1.1

NA

Quantity of protons used in 2016 by each
accelerator and experimental facility, shown as
a percentage of the number of protons sent by
the PS Booster

ISOLDE

n_TOF

SPS-NA: AMBER, NA61, NA62, NA64, NAGS
PS-EA: CLOUD

AD/ELENA: AEQIS, ALPHA, ALPHA-g, ASACUSA,
BASE, GBAR

Neutrino Platform: ProtoDUNE, ENUBET, ND280
AWAKE - proton driven wakefield acceleration
HiRadMat, IRRAD, GIF, CHARM

Plus a lot of test beam!

23




d

Scientific
Cultures

NAG6O+ S!!INE

I

ANTIMATTER 0

FACTORY

ELENA

Nuclear Physics

Stable heavy

lons, protons, 2
hadrons
: 6
Antiprotons
currently
Neutrons N
per year
>1300 40-50
radioisotopes per year

Duration

years

years

weeks

week

Users

50/ 150

350

150

1000

(some numbers indicative)

Approval

SPSC/RB

SPSC/RB

INTC/RB
(protons)

INTC/RB
(shifts)
significant
backlog

focussed HI
experiments

anti-proton facility
with focussed
experiments.

neutron facility with
several instruments
and many
experiments

radioactive beam facility
with many instruments,
many experiments and
many beams
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‘ea: the future is colou
and Interes:

Physics motivation remains strong

The North Area is an ideal place to search for Hidden
Sector at with NA64, SHIP etc. in < O(10) GeV range

Unique QCD possibilities
SPS is adapting well to the foreseen challenges

NA remains vitally important as a test facility

Programme foreseen out into the 2040s

Backed by a major 2 phase consolidation project



Neutrino Platform at the North Area

Recently - installation in the cryostats of the two final
prototypes for the far detector of the DUNE experiment
was completed

Tests with beams will start after filling with liquid argon...

Filling NPO4 (H drift) with Liquid Argon

2024=63-08 22:39:37




P h S i C S B e O n d CO | I i d erS NA/H4 |NA64-electron Dark photon - electron active beam dump
y y NA/M2 |NA64-muon Dark photon - muon active beam dump
complementary methods to high-energy-frontier colliders NA/H2 |NA61+ Charm in QCD Phasetransition
NA/EHN1 [NAG60++ High-uB region of the QCD phase diagram
NA/M2 [MUonE Hadronic Vacuum Polarisation contribution to (g-2)u
; i I i I i I I I rrgni NA/M2 [COMPASS/AMBER QCD dynamics - generic program
-ﬁ SPS/BDF |SHiP Dark sector, tau neutrinos
—_ . *Beyond i i
*-> Colliders LHC FASER Longlived particles
R LHC  [snD Neutrinos
g LHC FPF FASER2, FASERnu, advSND, FORMOSA, FLARE
E SHIP - LHC  [MATHUSLA Long lived particles
= = LHC CODEX-b Long lived particles
3 ( NAB4  TauFv -
= o LHC milliQan Longlived particles/fractional charge
1 FASER/FPF LHCb | LHC ANIBUS Long lived particles
t CODEX-B - LHC LHC Spin QCD dynamics and phase transition
N
'E": MATHUSLA ] LHC 2-crystal MDM/EDM of short lived baryons
2 MilliQan - SPS | AWAKE++ Dark photon
n
— CERN |VMB Vacuum Magentic Birefringence
> ANUBIS n g g
s " CERN [JURA Axion/ALPS search (LSW)
S
8 _________________________________________________ — DESY BabylAXQ/IAXO Axion search - helioscope
B Planck Scale N DESY  |ALPS Lsw
-21 p— CERN  |[AION-100 GW, ultra-light dark matt
wmmmmmmmmmmmmmien uTtraient dark matter
-24 -21 -18 -15 =12 -9 -6 =3 0 3 6 9 12 15 18 SPS ENUBET/NuTag Novel nu beams
Mass of BSM state = Log,, mx[eV] Jilich |pEDM Polarized protons for EDM storage ring measurement
SPS/LHC |Gamma Factory High intensity gamma ray beam




Complex timeline

| 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 2036 | 2037 | 2038 | 2039 | 2040 | 2041 |

L4, PSB, PS Ls3 LS4 LS5
L3, LEIR 1S3 LS4 LS5

SPS LS3 LS4 LS5

LHC Run 3 1S3 Run 4 LS4 LS5
CLEAR  |Review| | | Review | | | | | | |

ISOLDE | | | | | | BD | | | | | | | 4| | | | LSS
HIE-ISOLDE | | | | | | | | | | | | | 4| | | | LSS
MEDICIS | | | Review | | | | | | | |

nTOF | | | | | | | | | | | | | 4| | | | LSS
EAST AREA | | | | | | | | | | | | | 4| | | | LSS
ELENA | | | | | | | | | | | | | 4 | | | | LSS
AWAKE | AWAKE Run 2a,b | oNes | | Run2c | Run2d |
North Area | | | | | | NA-CONS Ph1 | | | | | | NA-CONS Ph2 | | | LS5
ECN3/SHiP | | | | Construction | | | | | | | | LS5

|:|Approved |:|tbc

Good for the next 10 years, clear potential beyond that...




HL-L

HC era - Iindicative timeline

LHC
EEEEEN RN NN
INJECTORS ‘H HH‘
ea consolldatlon )
S|ON|ID{J|F[MAM|1|]|A|S|ON|DJ|FMAM|J|]|A|S|ON|D
LHC ‘ Run 4 ‘ ‘ Run 5 ‘
INJECTORS
North Area consolidation phase 2
Shutdown/Technical stop
LHC ' Run6 | Proton physics - LHC
Proton physics - Injectors
Ions (tbc after LS4)
Commissioning with beam
Hardware commissioning/magnet training
INJECTORS




Technology

Laboratory Directors Group

Accelerator Technologies and R&D

RF technologies R&D (SRF, X-band)

High-field superconducting accelerator magnets R&D

Proton-driven plasma wakefield acceleration (AWAKE)

CERN Linear Electron Accelerator for Research (CLEAR)

Other targeted accelerator R&D (Vacuum, Materials...)

Targets

Beam Incepting Devices

Beam dumps

Collimators

Beam instrumentation

Radiofrequency

Low temperature superconductors

High temperature superconductors

Cryostats

Superconducting magnets

Resistive magnets

Vacuum

Coatings

Cryogenics

Power converters

Rad-hard electronics

Precison timing

Robotics

Pulsed Power Engineering

Kickers

Septa

Fast electronics

Controls



Detector R&D

See Chris Parkes later this morning

Status DRD Collaborations

» DRD1 Gaseous detectors

» DRD2 Liquid Detectors Fully approved by RB Dec 2023
> DRD4 Photodetectors & PID on recommendation of the DRDC
» DRD6 Calorimetry

» DRD3 Semiconductor Detectors

» DRD5 Quantum Sensors DRDC received full proposal in
» DRD7 Electronics March 2024

> DRDS Integration } Full proposal expected end 2024
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CERN as a Research Infrastructure

\
CERN evolved before the Rl concept ‘ Drive discovery and creation of knowledge
But nonetheless, thanks to its governance and ‘ Driver of innovation
funding model, many of the ingredients are \

there ‘ Integration of research communities
|

Fortunate to enjoy a clear mission, strong ‘ Strong links to industry
support from our member states and

|
international partners, and a culture of ‘ Collaborative ecosystem
transparency and openness

/
_ o o ‘Societal Impact
The Rl paradigm is important and it is how we
are viewed by, say, the European Commission . Outreach and education
V4



Sustainability - energy

(7N

Vs _ - 35
&@ Pulling from French grid — low

g CO,eq /kWh

carbon (nuclear & renewables)

Emissions moyennes de CO,
en France en 2023

Energy Management -
Improvement goals, continuous
monitoring — EM plan & panels

ISO 50001
CERTIFICATION

ENERGY
i MANAGEMENT

/TR
ISO
Nl

ISO 50001

ENERGY MANAGEMEN'

Two photovoltaic PPA agreements
ig\évggMPEUNﬁ%HASE being pursued for ~135 GWh/year
~10% of our supply

PPAs (Nuclear, PV, aggregation)
31‘8\9 RESOURCE MANAGEMENT EU market reform, new contracts,
water, gas, helium...




Summary - targeting CERN'’s strategic goals

HL-LHC - flagship out to end 2041

Complementary scientific diversity programme - full, safe, exploitation of the remarkable
potential of the complex —longevity & possible facility upgrades. Backed by a strong
technology and engineering base and support facilities.

In the longer term, the preferred direction for a future collider at CERN is the FCC:
feasibility study to be delivered in 2025. Alternatives pursued as plan B (CLIC, Muon
Collider) plus agreed supportto ILC

Execution of European R&D Roadmaps plus Quantum, Al etc.

CERN as a Research Infrastructure. European integration via diverse Horizon projects.
Leverage position as nexus of an impressive collaborative ecosystem.

Sustainability and Societal impact, Outreach and Education as key parts of our mission
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Backup



19949

The only radioactive ion beam facility using GeV protons -
several processes (fission, spallation, fragmentation) all
contribute to radioisotope production on a particular target
gives wide range of isotopes with excellent yields.

Easy and quick delivery of different isotopes for precision

studies across many isotopes with systematics under control.

>15 state-of-art instruments, cutting-edge in laser
spectroscopy, mass traps, detector arrays, particle
spectrometers...

ISOLDE Improvement Programme

Yield (uC")  >1300 isotopes of >75 elements

Te+12
Te+10

- spallation
Tes+b
Te+4 o
Tes2 i R S
1040 P
g r
_ '3;;_-;-— fragmentation
L -8 L]
i

Very close collaboration between ATS groups and
users is an important strength at CERN.

Up and including LS3:. Several “consolidation plus improvement” items to ISOLDE infrastructure to assist both capacity and
capability — important opportunity to increase isotope yields via proton energy & intensity.

Longer term LS4+: upgrades for enhanced EBIS/Trap feeding HIE-ISOLDE; linac upgrades to higher energies; hall

extension... for further discussion in coming years.



a fundamental level and CERN is the
only place in the foreseeable future!

NTI MATTE R ‘ w AD has potential to change physics at
ELENA

FACTORY

e Anti-proton Decelerator (AD) and Extra Low ENergy Antiproton (ELENA) ring

 ELENA: 100 keV antiprotons bunched to 100 ns FWHM, increasing efficiency for subsequent trapping by factor of 10-100.
e AD running since early 2000s and physics with ELENA since 2021 (Run 3)

AE3IS * Advanced charged plasma control techniques
G + Advanced magnetic trapping

* High power UV-laser technology

* Non-destructive quantum-transition spectroscopy

* Ultra-low-noise trapping techniques

* Sympathetic cooling and quantum-logic spectroscopy

AD Future (10+ years)

CPT tests H / pHe™ |:|;- Gravity w/ H Ag)l g

10-'2 30%
- Spectroscopy inertial sensing w/ Ps,pN 5
s 10- 4106

CPT tests

ASACUSA
10-12

< N
BASE :
Radit*otope
i BASE-STEP, measuremen e
& (pmcias
' Atomic

porbleprap  Symmetries Molecular

(l_D / P ) Spectroscopy ‘6"‘.‘:



n_l OF n_TOF unique globally amongst TOF facilities due to

favourable duty cycle, energy range and intensity:
Pulsed neutron source to study neutron-nucleus
interactions thrOUgh the Time Of Flight (TOF) teChnique e widest range of energies meV to GeV.

. _ * highest instantaneous intensity.
Large range of applications: astrophysics, nuclear + longest flight path with short pulses (7 ns) give

physics, applications of nuclear technology, excellent time/neutron energy resolution.
transmutation of nuclear waste, Accelerator-Driven- + low repetition rate avoids overlap of fast/slow

System etc. :
Y neutrons from different pulses.
* |ow background environment.

Emerging science opportunities (10+ years)

38



