puting
oland

and Beyond

V4
U

dipofC

iderl (LH)

022, Krak

\

A

Joachim Mnich - CERN
September 51, 2022




Reminder Update European Strategy for Particle Physics

CERN Council updated the European Strategy for
Particle Physics in June 2020

Scientific recommendations

Full exploitation of the LHC and HL-LHC
Highest-priority next collider: e+e- Higgs factory
Increased R&D on accelerator technologies

Investigation of the technical and financial
feasibility of a future = 100 TeV hadron collider

Long-baseline neutrino projects in US and Japan

High-impact scientific diversity programme
complementary to high-energy colliders

R&D on detector and computing
Theory

Other high priority items:

Exploit synergies with neighboring
field, in particular nuclear and
astroparticle physics

Mitigate environmental impact of
particle physics

Invest in next generation of
researchers

Support knowledge and technology
transfer

Public engagement, education and
communication

This strategy provides guidelines to CERN and the entire field for the coming years

(?@2\ 05.09.2022
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10t Anniversary of Higgs Boson Discovery

On 4 July 2022, CERN marks 10
years since years
the ATLAS and CMS experiments HIGGS boson

discovery

announced the discovery of the
Higgs boson

Centrepiece was a full-day scientific
symposium in CERN’s main
auditorium celebrating the discovery,
give an overview of what's been
learned since then, and take a look
forward at what’s still to come

https://indico.cern.ch/event/1135177/

((iERN%é[ 05.09.2022 J. Mnich | CSC 2022 4


https://home.cern/science/experiments/atlas
https://home.cern/science/experiments/cms
https://home.cern/science/physics/higgs-boson
https://indico.cern.ch/event/1135177/

Achievements since the Higgs Boson Discovery

Example: measurement of the Higgs couplings to
fundamental particles

ATLAS result based on the full data set (Run 2)

Key prediction of the Standard Model:

O Higgs coupling to particles is proportional to
their mass

Impressive verification with an accuracy often
better than 10%

Coupling measurements (B, = B, = 0)

+0.07 B +0.31
K,=1.04+0.06,k;=0.92 0 Kz, =1.37 ;-
E>|> [ T T LI | T L L | T L | T ]
Z | ATLAS Preliminary |
TE" {s=13TeV, 36.1- 139 fo~' 7.4
S ~  m,=125.09GeV, |y, |<25,p. =19% -~ -
[Th B H SM . —
E |u>_ SM Higgs boson oW
107 T =
2| __
10 ; ";".b ;
10° 7 =
= ,U{x' =
ol mg(my,) used for quarks ]
1074 &= =
- - H -+ -+ =
£ 14F E
o) 1oF Precision on couplings reached -
T .
S
] T CTIE R SRR Bg--- -]
0.8 } { }
107 1 10 10°
Particle m \%
<, < 30% article mass [GeV]
K=7% K,=11% K =6% Ky ,=6%

ATLAS-CONF-2021-053
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The LHC Scientific Programme

HilLUM]

LARGE HADRON COLLIDER

Upgrade of Upgrade of
accelerator accelerator

and detectors and detectors

EYETS LDz 13.6 TeV LIRAEAE (Phase Il) 13.6 - 14 TeV
13 TeV energy

Start of the
scientific un 1
programme

Diodes Consolldation
splice consolldation olimit LIU Installation HL-LHC
7 TeV 8 TeV button colllimators inferaction ) inner triplet
regions Clvll Eng. P1-P5 pilot beam radiation limit Installation

R2E project

T ™\ « T
ElEEENEIENERENETES mmmmml“
5 to 7.5 x nominal Lumi
S i b ATLAS - CMS /

experiment
beam pipes 2 x nominal Lumi ALICE - LHCb 2 x nominal Lumi HL upgrade
_— -

nominal Lumi
upgrade

75% nominal Lumi | / I
-1 m integrated JEASUUR R
i m luminosity EELODR{ g

HL-LHC TECHNICAL EQUIPMENT:
DESIGN STUDY =3 PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. HH PHYSICS

HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION BUILDINGS Status Eeb 2022
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LHCDb Scintillating Fibre Tracker

13

Upgrades of the Detectors

O All 4 LHC experiments improved with new
detectors, electronics, DAQ systems

0 Afew examples:

ATLAS New Small Wheel

- & &S - oo
3 g1 -[/l 'j;’-‘\" —‘v ' J“ .-, ;

=
A

=~ '
o
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LHC Programme

0 2022: Re-start LHC again (Run 3)

Preliminary HL-LHC schedule

1 i 1

3500
3000

nominal

0 Over the last years significant improvements on

Jo 7
. . = ultimate
accelerator (incl. HL-LHC preparations) and detectors O 6 2500
O Goal for Run 3 is to approx. double the luminosity for m?_’ 5 2000
ATLAS and CMS ; 4
O Even more potential for ALICE and LHCb due to "é’ 3 1500
increased rate capabilities E 5 1000
Q HL-LHC =R 500
o
0 Long shutdown 2026 - 28 to upgrade accelerator and 0 . . — 0
detectors (ATLAS & CMS) 2028 2030 2032 2034 2036 2038 2040 2042
O Will increase luminosity by factors 5 to 7 Year

O Final goal is > 3000 fb!

O About 20 times the luminosity collected until today

O ALICE and LHCb upgrade planned in the 2030ies

@WB 05.09.2022 J. Mnich | CSC 2022
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The High-Luminosity LHC

HL-LHC will provide 3000 — 4000 fb! by = 2040 2 examples for illustration

i.e. = 20 times the currently available data
CERN-2019-007

{s =14 TeV, 3000 fb”' per experiment

Q Will allow m remen ——— Wino 7 3. — W' 3° W™ 7° — 2L + MET final state

- a O 'easu e e t I:ITOtal ATLAS and CMS FT T 1T°1 |£1I xl1l T | T le1l | T T{1I T | LI | LI | LI | T T T T4
Higgs couplings to the — Statistical HLLHC Projection > 800F =
percent—lev_el | | :_Ili_ﬁzz:;mental R % ?005_ ATLAS Simulation Preliminary Baseline Uncertainties 2
incl. establishing Higgs o B Torsaen ™ | g3 UL (5=14TeV, 3000 fb . E
self coupling = S £ 600F ATLAS 13 TeV, 80 fb E
. . Ky = 1.7 08 07 13 N, — — — — 95% CL exclusion (1 ,,), multi-bin-
d Significantly extend reach | s 07 06 s 00 £ discovery, inclusive E
for new physics kg = 25 05 05 21 400E All limits at 95% CL
D Start Operathn |n 2029 Kt ?.; 34 09 11 31 300;_ PO L T PO - _;
K, = 37 13 13 32 2003_ _v:: ............ N ‘.‘ _f
K = 1.9 09 08 15 LI : 1 3
L —yameenl 43 38 10 17 1005_ “‘ : _E
K I I | 1 1 1 1 | 11 1 | | 11 1 | | 1 I\ 1 | 11 1 1 | 1 ‘I‘I 1 | L1111

nEe———  |987217 54 200 300 400 500 600 700 800 900 1000

0 002 004 006 008 01 012 014 =16

Expected uncertainty m(x1} [GeV]
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Challenges for the Detectors

U Example: event pile-up O At the HL-LHC: 150 - 200 pp collisions per
in 2018 typically 20 - 40 pp collisions per bunch crossing expected
bunch crossing

Need to identify the right vertex at
which the Higgs was produced

Higgs = ZZ = 4 leptons candidate
24 vertices

i) 05.09.2022 J. Mnich | CSC 2022 11



ATLAS Phase Il Upgrades

ATLAS

EXPERIMENT

Upgraded Trigger and
Data Acquisition system

LOat 1 MHz

Improved High-Level Trigger
(100 kHz full-scan tracking)

The full scientific
exploitation of the
HL-LHC requires
major upgrades of the
detectors, mainly for
ATLAS and CMS

Electronics Upgrades

LAr Calorimeter

Tile Calorimeter

i - ‘ . N\ Tile“sglorimeters Muon system
‘ : \ LAr hadronic end-sqp and
forward calorimeters
Pixel detector . . o
Toroid mgfgnets LAr &lectromagnetic calorimeters H Ig h G ranu Ia“ty Timi ng
Solenoid magnet | Transition radiatign tracker Detector (H GTD)

Semiconductor fracker

U Higher granularity

O Better resolution in
space and time Muon chambers

Forward region

9 Phase 1 upgrades Low-Gain Avalanche Detectors (LGAD)

New Muon Chambers New Inner Tracking Detector (ITk)
Inner barrel region Pixel and Strip detectors
All silicon, upto |n| =4

C\E/RW 05.09.2022 J. Mnich | CSC 2022 12



L1-Trigger HLT/DAQ
https://cds.cern.ch/record/2714892
https://cds.cern.ch/record/2283193

» Tracks in L1-Trigger at 40 MHz

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

* 40 MHz data scouting

Calorimeter Endcap
https://cds.cern.ch/record/2293646
» 3D showers and precise timing

* Si, Scint+SiPM in Pb/W-SS

Tracker N N ‘-
https://cds.cern.ch/record/2272264 MIPT'h ; D,t .t .
+ Si-Strip and Pixels increased granularity Iming Detector

» Design for tracking in L1-Trigger
* Extended coverage ton = 3.8

CMS Phase Il Upgrades

Barrel Calorimeters
https://cds.cern.ch/record/2283187

« ECAL crystal granularity readout at 40 MHz with precise timing
for ely at 30 GeV

» ECAL and HCAL new Back-End boards

Muon systems
ttps://cds.cern.ch/record/2283189
* DT & CSC new FE/BE readout

* RPC back-end electronics

* New GEM/RPC1.6<n<24

+ Extended coverage ton =3

Beam Radiation Instr. and Luminosity
http://cds.cern.ch/record/002706512

1% offline, 2% online

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

* Bunch-by-bunch luminosity measurement:

CE/RW
\
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https://cds.cern.ch/record/2272264/files/CMS-TDR-014.pdf
https://cds.cern.ch/record/2714892
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https://cds.cern.ch/record/2283187
http://cds.cern.ch/record/002706512
https://cds.cern.ch/record/2667167
https://cds.cern.ch/record/2283189
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Future Circular Collider (FCC): Feasibility Study

European Strategy for Particle Physics:

« An electron-positron Higgs factory is the highest-priority
next collider. For the longer term, the European particle
physics community has the ambition to operate a proton-
proton collider at the highest achievable energy.

« “Europe, together with its international partners, should
iInvestigate the technical and financial feasibility of a future
hadron collider at CERN with a centre-of-mass energy of at
least 100 TeV and with an electron-positron Higgs and f‘”"
electroweak factory as a possible first stage.

« Such a feasibility study of the colliders and related s
Infrastructure should be established as a global endeavour
and be completed on the timescale of the next Strategy
update.”

)\
CERN has launched the FCC feasibility study to address Empe*mf@
these recommendations

(C\ER/—WB 05.09.2022 J. Mnich | CSC 2022



comprehensive long-term program maximizing physics opportunities

FUTURE
CIRCULAR

The FCC integrated program

COLLIDER nspired by successful LEP — LHC programs at CERN

M. Benedikt

stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & top factory at highest luminosities April 2022
stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with ion and eh options

complementary physics

common civil engineering and technical infrastructures, building on and reusing CERN'’s existing infrastructure
FCC integrated project allows seamless continuation of HEP after completion of the HL-LHC program

A

s Schematic of an
g 80-100 km
g long tunnel

2
0~
o

Azimuth =-10.2°

________

Injection into collider

Beam dumg

Technical site _ | Techni .
® LSS=2160m . LSS = 2160 m eBc nical site
400 MHz RF N /
.. FCC-ee -
N /
N I s
N\ 7
Arc length = 9616.586'm 4
N p booster

N — — — — — — — = - e e e - = - = - PD
(Optional SSS = 1400 m {Optional
Experiment Experiment
site) site)
ical si » Betatron &
Technical splta D LSS =2160m LSS = 2160 m [f~ Technical site
PF momentum
800 MHz RF SSS = 1400 m collimation

PG (Experiment site)

transfer lines proposed to be
installed inside FCC-hh ring tunnel

PA (Expgriment site) Azimuth =-10.2°

———————

ISSS = 1400 m Injection

Technical site
PB Beam dump

LSS =2160 m !

LSS =2160m
. FCC-hh '~
~\ 7/
| g
AN e

N

~
Arc length = 9616.586'm 4
N

SSS =1400m

Technical site
PH

= Technical site
LSS = 2160 m PF

Momentum
collimation

SSS = 1400 m Betatron collimation

PG (Experiment site)

2065 - 2090
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FCC-ee Design Concept

10°°

-

R

m

Lumig‘osity (c
<

2

1077

0.1

‘ — : : e , ,
FCC-Z
SUPERKEKB g * FCC
. FCC-W
BINP c-tau ¢ BINP c-tau

. ¢ FCC-H

HIEPA c-tau KEKB
®

¢ FCC-t

®
DAFNE  (ESR -¢

e DORIS2
VEPP2000 I |
( ., ° LEp
BEPC o PETRA
VEPP-2M %  VEPP-4M
SPEAR2
« ADONE
[ ]
DCI
ADONE o Marica Biagini
R 10 100 1000

c.m. Energy (GeV)

Based on lessons and techniques from past
colliders (last 40 years)

O B-factories: KEKB & PEP-II:

Q double-ring lepton colliders,

Q high beam currents,

Q top-up injection
DAFNE: crab waist, double ring
S-KEKB: low by*, crab waist
LEP: high energy, SR effects
VEPP-4M, LEP: precision E calibration
KEKB: e* source
HERA, LEP, RHIC: spin gymnastics

U 00000

Combining successful ingredients of several recent colliders - highest luminosities & energies

CE/RW
.
N
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FCC-hh: Highest Collision Energies

— [E+36 l Key challenges:
n o FCC-hh
& 1E+35 ’ 3 Order of magnitude performance increase
= / in both energy & luminosity
O, 1E+34 e .

> /f 100 TeV cm collision energy
= 1E+33 - (vs 14 TeV for LHC)

o ® Tevat :
S 1432 ® ISR o RHIC Q 20 ab! per experiment collected over 25
g | years of operation (vs 3 ab for LHC)
v 1E+3] ® $ppS Q Similar performance increase as from

S Tevatron to LHC

& 1E+30 o

001 0.1 ] 10 100 (000 9 Key technology: high-field magnets
c.m. energy [TeV]
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CERN DIVGFS | ty PFO g ram m e AD: Antiproton Decelerator for antimatter
CMS

studies

— = AWAKE: proton-induced plasma wakefield
acceleration

LHC

North‘Area

CAST, OSQAR: axions

LHCb CLOUD: impact of cosmic rays on aeorosols
and clouds = implications on climate

SPS

COMPASS: hadron structure and spectroscopy

e AWAKE

ISOLDE: radioactive nuclei facility
LHC
NA61/Shine: ions and neutrino targets

ATLAS

TT10
HiRadMat
EXE TT60
| |
ELENA AD

T2 B()()STER

@ ISOLDE
- ot Avea NAG2: rare kaon decays

. NAG63: radiation processes in strong EM fields

PS

CTF3 NAG64: search for dark photons

neutrons LINAC 2

Neutrino Platform: v detector R&D for
experiments in US, Japan

LEIR

LINAC 3

lons

n-TOF: n-induced cross-sections

UA9: crystal collimation
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QTI established in 2020
Four technical areas:

O

O

O

Quantum Computing And Algorithms
Quantum Theory and Simulation

Quantum Sensing, Metrology and
Materials

Quantum Communication and
Networks

Collaborations being established in the
Member States, US (Fermilab, Oak
Ridge) and Japan (Tokyo — ICEPP)

Signed Quantum Hub Agreement with
IBM

ou
TEEHNOLOGY

Quantum Technology
Initiative

Strategy and Roadmap

| QUANTUM
Q\S:Q IQ) TECHNOLOGY
A INITIATIVE
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