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la.k.a. our best theary of Nature)

Mediate Matter SM cannot explain
Forces e dark matter

. e dark energy
- e baryon asymmetry

eav Il -]

Before July 4, 2012,
LEP‘tﬂI"IS never directly observed!

*Some assembly required. Gravity not included.

Higgs is at the center of the Standard Model, unique and special
e the only particle that talks to everybody

e the only particle that doesn’t spin

e the only particle that is condensed in the universe

e the source of all masses of elementary particles

* the lowest order coupling to new physics



Higgs portal to BSM

Supersymmetry
— Higgs just one of many scalar bosons
— Superpartners

Composite

— spins cancel among constituents

— condensate by a strong attractive force
— top partner, vector-like quarks etc.
Extra dimension

— Higgs spinning in extra dimensions

— new forces from particles running in extra dimension
— KK particles

Etc...

Precise understanding of Higgs boson properties gives hints of BSM

Kruger 2022: Discovery Physics at the LHC



Higgs measurements at the LHC

The Large Hadron Collider(LHC) discovered the Higgs
and made possible of many measurements

Coupling of to the Higgs : mass of final state particles
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Highly consistent with the Standard Model of Particle Physics
— origin of fermion mass indeed from the Higgs
No clear evidence of BSM so far
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Paths to new physics
LEP, LHC (Europe)

Tevat_ron . (198721) 1.Precision measurements of

: ey =SB neutral current predicted mW, mZ
Notmrsian sttt S .t oo amaRes 2. UA1/UA2 discovered W/Z

TS g _ Py B particles
3. Precision measurements of W
and Z at LEP + Tevatron predicted
mt and mH

4. Tevatron discovered top, LHC
discovered a Higgs particle

We need precision measurement
of Higgs boson to pave ways to
BSM

Huge breakthrough with Higgs:
the center of the Standard Model,
most unique and special particle

Proton-proton collision Proton-proton collision
~1 TeV, discovery of the ~13 TeV, discovery of the
top quark Higgs boson



Lepton collider vs. hadron collider

+ - .
e e Cross sections
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Advantage of lepton collider : : |
| 1
I - ]
* Much less noise and backgrounds ! 3 - i E
« Simpler kinematics j; J : J. ! i
s -1 v oL |
* No loss of the longitudinal momentum P, 200 00 600 800 . 100
« Can make use of all final states and Vs (GeV)
capture all information for a given event Combined measurements of Higgs, top, W/Z
. Increase precision on H by X10 allow us to understand various operations
« Increase precision on W,Z by X10-100 that could be added to SM in EFT

* Search for new physics ~10 TeV



Linear Accelerator

high frequency (3000 MHz) a.c voltage

(Diagram resourcefulphysics ong)

particle beam

Reach High Energy
Can't Store Beam
Low Intensity

Kruger 2022: Discovery Physics at the LHC 9



Circular Accelerator

synchrotron light

.....
1 \

’J_( ’J_( Photons

Focusing
magnet

CERN LHC tunnel

Can Store Beams circumference=27km (LHC tunnel)
High Intensity E=500GeV, I=10mA Need much bigger tunnel
Limit on Energy = P(power)=13 GW (e*e" collider)

Kruger 2022: Discovery Physics at the LHC 10



Proposed Future Colhders

90-250GeV

| 1
(H,W, Z,t,...)

Upgradable to proton-proton
collider - 100 TeV!

S, 11




Future colliders with top priority

The scientific importance and strategical value of an electron positron Higgs factory is clearly identified.

2013, 2016: the CEPC is the best approach and a W% Comm“mty Summer Study
major historical opportunity for the national I

2 ;t 7_ SN 2 WMASS

development of accelerator-based high-energy

physics program. il £ o

July 17-26 2022, Seattle

Seattle Snowmass Summer Meeting 2022

— An electron-position Higgs fartﬂ y i the highest-prionty next colldes B the
Given the strong motivation and existence of proven technology to build an e*e~
2020 N'lg"l 161, 1€ £ Tty H‘T e ambition to Operate Higgs Factory in the next decade, the US should participate in the construction
Eumpe?ﬂrr} aorategy apmoton-proton solderat I'( nghor - enercy. Accomplishing these 7 SR T T R
compeling goals wil equire inovation and cutting-edge techmology: S ——

In April 2022, the International Committee for Future Accelerators (ICFA) “reconfirmed the international
consensus on the importance of « Higgs factory as the highest priority for realizing the scientific goals of particle
physics”, and expressed support for the above-mentioned Higgs factory proposals. Recently, the United States also
proposed a new linear collider concept based on the cool copper collider (C3) technology [31].

Kruger 2022: Discovery Physics at the LHC 12



Future High Energy Colliders

Status and Development

Kruger 2022: Discovery Physics at the LHC
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Circular Electron Positron Collider

CEPC

Kruger 2022: Discovery Physics at the LHC

Acknowledgement
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Circular Electron-Positron Collider (CEPC)

. CEPC is an e+e- Higgs factory producing Higgs, W and Z bosons aims at
discovering new physics beyond the Standard Model

. Proposed in Sept. 2012

. Circumference ~100 km

. Centre-of-mass energy 90-240 GeV
. upgradable to 360 GeV (t quark)

Continuation of expertise in electron accelerator (BEPC under operation)

New application: world’s first y synchrotron light source, (high energy ~300 MeV) , ......

* Frontier scientific facility
* Long lifetime
CEPC + upgrade > 50 years

et e Linac
(1215m)

* International collaboration

IP4
IP3

CEPC y
LTB : Linac to Booster Pgrade Cojlige,. Ring(199 km)

BTC : Booster to Collider Ring Kruger 2022: Discovery Physics at the LHC 15



Circular Electron Position Collider
(CEPC) - TDR Layout

CEPC as a Higgs Factory: H, W, Z, upgradable to tt-bar, followed by a SppC ~125TeV
30MW SR power per beam (upgradable to 50MW)

CEPC MDI

P
H/tt-bar

I Off-axis injection
On-axis injection / \ On-axis injection
: , CEPC booster ring (100km})
CEPC collider ring (100km) _
Common tunnel for booster/collider & SppC
CEPC TDR S$+C-band 30 GeV linac injector
ESBS: Electron source & bBunching systemn @ PSPAS: Positron source & pre-accelerating secticn
FAS: First accelerating secticn SAS: Second accelerating secticn
EBTL: Electron bypass transport line TAS: Third accelerating section
EBTL DR Damping ring
ESBS e, DS < y
= + a3 . = M‘l‘ SAS‘]‘ T — ‘I'i' Operation mode ZH z wWew- |t
SOMeV  1.1GeV AGewV ZOOMEY 111GV 1.1GeV FOGeWV ~240 | ~91.2 | 158-172 | ~360
102.4m i— 250.2m L - 57.6m |:l7.7m—i FFF.1m Ll P COR (2013, 3 32 10
350.6m | 2235w [x10% cm2s7]

Kruger 2022: Discovery Physics at the LHC 16



CEPC TDR Parameters
(upgrade version)

Main Parameters:
High luminosity as a Higgs Factory

Cost optimization vs. circumference

total cost (H+Z+T0OP)

50MW_IM higgs-ATZ

_ 1800 AP_30MW_2M higgs HTZ Higgs | W ‘ Z | tthar
E 30MW_2M higgsaTZ Number of IPs 2
E 1600 N | S I;'ggs_mz Circumference [km)] 100.0
o 4IP_30MW _2M higgs-ATZ+1M top

a 1400 \\ *— 30MW_2M higgs+1T Z41M top SR power per beam [MW] 50
g 1200 \ 30MW_IM higgs 1T ZM top Energy [GeV] 120 80 45,5 180
T " N\ ¢ SO o T2 oA I (Bunch number 415 2161 19918 59
*g' 1000 NN o — Emittance (ex/ey) [nm/pm] 0.64/1.3 | 087/1.7 | 02714 | 1.4/4.7
E 800 1\_:  —— T : Beam size at [P (ox/0y) [um/nm] 15/36 13/42 6/35 39/113

. . . Bunch length (SR/total) [mm] 2.3/3.9 2.5/4.9 2.5/8.7 2.2/29

o )| )| . Beam-beam parameters (Ex/Ey) 0.015/0.11{0.012/0.113|0.004/0.127]0.071/0.1
o 20 40 60 80 100 120 140 160 180 200 20 RF frequency [MHZ] 650
Greurference (i Luminosity per IP[1034/cm?/s] | 83 | 27 | 192 [ 083

D. Wang et al 2022 JINST 17 P10018

50 MW and 100 km ring a cost effective solution for a higgs, W, Z and top machine




100km accelerator desi;

GOAL

e+e- circular collider as a high lumi. Higgs

factory

v

Switchable operation for Higgs, W, Z and \

Top runs

/

: + Sufficient DA for all energies

- completed

Design

| A\

+ Complete acc. design w. latest ideas
* Lattice optimization for all energies

5.5

wf 202

4.5
4
3.5
3
2?8

Lum/IP [1034 cm2s71]

1.8

on for all operation modes

Beam-beam effect study

T T T T T
2-ZL, np=12e10*290bunches F——

S |
¥ 4
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v~ F\-ﬂh«m T}
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& 12k * |
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Lattice for all energies 09 F *;m?e 9"Ealllilli .
S —— . : 0.8 ‘ ! -
« CEx= = & 054 055 056  0.57 0.5¢
£ tthar: ex=1.4nm, f=1.04m/ | i3 nggs £X= 0 64nm [3 0 33m/¢: Dynamic Aperture (DA} optimization ax
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CEPC accelerator technical performance

Key Tech nO|Ogy Status Selected Leading Technologies

Tuble 5.3: Status of key technology R&D for CEPC, in comparison with the status quo of world leading
accelerator laboratories
Current eff. >70%, aim at 80% -

. ] Devic Requi IHEP "ERN FNAL KEK LBNL
ngh eﬂICIenCy kIySIron : e e status (\l;nus u:h \['[:u- status
. . Exceeds CEPC requirement = - : : :
ngh Q SRF Cavny . 1.3 GHz Q=2 % 10 Q=43 %10 Preliminary Comparable  Comparable N/A

NOVeI mag n61 CEPC I’equn’emem met SRF cavity @24 MV/m @31 MV/m progress w IHEP w IHEP
. . . 650 MHz Q=1 x 10" Q=6 x 10" N/A Comparable to N/A N/A
PWFA injector DeSIQn pOSITI’Oh acceleration 2-cell SRF cavity | @22 MV/m @22 MV/im IHEP
. . Scheme >1 OGeV beam High-efliciency Efliciency Efliciency Ré&D on Efliciency N/A Efliciency N/A
HTS hlgh fleld magn81 HTS . ;1 IBS klystron > 80% ~ T0% ~ 80% = 60%
wit / High-field 20.24°T 12.5 T achieved 1416 T 145T 10T 14-16 T
superconducting next goalis 16 T
magnet

PWFA as an alternative Linac injection Fast development of IBS material

e- acceleration

Driv .. 100
beam RN 10GeV 4560V
ot PWFA-I >
Wi - -
nets |— s - - - —
:-—b' PWFAIl  — g ~ ] .
80V < * o 4 Nb-Ti = i - - e — == -
Target B 5B T B ——
55 gy T -y ity i \ -a_..*___,;:_t- ne - |
beam ———
e+ £ oL ~ -
1.0 Gev . = .‘-"""' I e S 2025
acceleration = ™~ g
F-4 - Y T
2
o
-] i
" —
charge_slice_xz § 4 1BS 2022 | = == e e o,
Tene = 20000 w'] T = 8.0 1)) § : 1 RESCO: B Il Tape plane
. — — =] = RLGCO:B L 1apa olane, A% pm sub
om 150{0% 20pm, 0,=10um 2 10 Y IBS. 2019. == " REBCO:B L Tape clane
High Energy Conversion: N = ~ \ I | ceasians g 215: OR1NUIMH 50 e OF
as0 100 =5 e M52 | ERPVE] S0 I
10->45.5 GeV - E‘; N IBS 2016 — — 'lbiSn: Hish snEronze
028 "M, _ S A b1 LA 2K
H |5 Ti: jseyls/] A 22
o ——— ! g 7 - \ e
9 o - ’I & = 'g High-J_Nb.&n e |00-b 3820 SUR@TCONDUCTO 2015
e 01 ‘; oo 20126
N 1004 VIR Procam, \ e ostt-hrsie] S et or X122
s _., 10 | | | 111 | — WoSn | | | === ron bascd superconducior 2016
E 150
o - 0 5 10 15 20 25 30 35 40 45
H T O O W pal 500 400 300 200 100 0 January 2017 Applied Magnetic Field (T)
= §lpm)

Ultrahigh accelerating gradient and quality factor of CEPC 650 MHz
superconducting radio-frequency cavity
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CEPC accelerator key technolo;

« Specification Met
[ Prototype Manufactured

ARARBEBASAAAARANSN

Magnets

Vacuum

RF power source
Mechanics

Magnet power supplies
SCRF

Lryogenics

Linac and sources
Instrumentation
Control

Survey and alignment
Radiation protection
SC magnets

Damping ring

3.00
1.50
1.24
114
116
1.06
0.91
0.87
0.39
0.40
0.17
0.07

0.04

4.47

27.3%
18.3%
9.1%
7.6%
7.0%
7.1%
6.5%
5.5%
5.3%
2.4%
2.4%
1.0%
0.4%

0.2%

Table 5.1: Summary of key technologics under R&D esseatial for CEPC

Device Accelerator  Quantity  CEPC specification R&D status
1.3 GHz SRF Booster 96 Q=3x10" @ 24 MVim Specilication met
cavity (9-cell)
650 MHz SRF Collider 240 € =4 % 10322 MV/m Specification met
ty (2-cell)
650 MHz Collider 120 Efficiency: 80 Prototype
Klystron Power: 800 kW manufactured
C-band NC Linac 292 Gradient: 45 MV/m Protatype
accelerating tube manu
S-band Linac 35 Peuk power guin: 7 dB Prototype
bunch compressor manufactured
Positron source Linac 1 Central peak magnetic Specification met
Nlux concentrator field >6 T
Dual-aperture Collider 2384 Field: 140 Gs-360 Gs Specification met
dipole magnet aperture: 70 mm
length: 28.7 m: harmonic< 5 x 10~*
relative field difference<0.5%
Dual-uperture Collider 2392 Grudient: 3.2-12.8 T/m Specilicution met
quadrupole magnet length: 2 m; hacmonic-< 5 x 10 4
aperture: 76 mm
relative field difference<0.5'%
Weak ficld Booster 16320 Field crror Specification met
dipole < 10 *@60 Gs
Electrostatic Collider 32 Electric field: 2.0 MV/im Specification met
separator field uniformity: 5 x 10~" by prototype
good field region: 46 mm* 11 mm
Cryogenic Collider/ 4 ISkW @ 45K Collaboration with
refrigerator Booster IPC CAS,
a refrigerator system
of 25kW @ 45K
has been developed
Ceramic vacuum Transport ~20 75 x 56 x 5 x 1200mm Prototype
chamber and lines in production
coating
MDI SCQ Collider 8 Gradient: 136T/m; length: 2m Prototype
Aperture: J0mm; included angle: 33mrad  in manulacture
Visual instrument All 11 Image accuracy: 5 pm+(5 gm/m)y Prototype completed

horizontal angle: 1.8 arc-second

vertical angle: 2.2 arc-second

Table 5.2: Summary of key lechnologi

ogies under R&D

1 engineering applications essential for CEPC

Kruger 2022: Discovery Physics at the LHC

Device lype Accelerator Quantity CEPC specificatior
S-bamd copper Lina 1 ~30 MV/m
aceeleraling lube
vacuum chamber Callider/ Towl length - Length: 6 m
and coaling Baoster 200 km aperture: 56 mm
vacuun: 3 x 107" Torr
NEG coating pump speed for Hy:
0.5 L em?
BIM and All 3000 Chased orbit
clectronies resolution: 0.6 ym
kicker & fast pulser | Transpon 25 Pulse width <10 ns (srip-line)
line wrapezoldal pulse width <230 ns (<lorted-pipe)
Lambertson sepum | Transportline =20 Septum thickness <3.5 mm (in-air)
thickness <2 mm (in-vacuum)
Power supply All 9294 Stability 100-1000 ppm
RF-shielded Collider 24000 Contact force 125425 g/finger
bellows Booster 12000

m Accelerator physics

m Superconducting RF

= RF pawer source

m Cryogenic system

m Magnets

 SC magnets in IR

W Magnet power supplies

= Vacuum system

» Instrumentation

® Control system

® Mechanical system

» Radiation protection
Survey and alignment
Linac and sources
Damping ring

Figure 12.3: Cost hreakdown of the CEPC acceclerator technical systems
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CEPC TDR: R&D Status of Key Technologies

. pLi=o ¥ <] G55

Magnets

High maturity of key accelerator technologies

Kruger 2022: Discovery Physics at the LHC 21



Innovations and technology breakthroughs

> 100km Full/Partial Double Rings
> Switchable operation for Higgs, W and Z
Innovative Design > Flexible injection modes to satisfy different energies

> World’s 1st design of a high energy/flux gamma-ray synchrotron light (300 Mev)

> High efficiency Klystron (aim at highest transfer efficiency)
> High performance SRF cavities (state-of-the-art Q and gradient)
Technical Performance > Novel magnets: Weak field dipole, dual aperture magnets (First Qualified

Prototype)
Major Technology > Plasma wakefield acceleration for Injector (New Acceleration Principle)
Breakthrough > High field superconducting magnet (Iron based HTS proposal)

— %8 @CEPC
— i BH@HEPS

CEPC: World first high , 5w =

.« ps - Potentially a broad £ L nm@sSRF
energy-high intensity y : =
) range of important -
synchrotron light source — . &
. > applications "
new applications. B e
Kruger 2022: Discovery Physics at the LHC %001 001 * ol1 ; o 27 100
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CEPC Detector Concept Designs

CDR (Baseline Design)
Magnet Particle Flow Approach

(3T/2T) Yoke + Muon (RPC or p-RWELL)

LumiCal

PFA ECAL

Si Pixel Vertex

SIT TPC SET
D ETD

FST concept
(Full Silicon Tracker)

IDEA concept
(also proposed for FCC-ee)

2T Magnet ___

Preshower (un-RWELL)

Yoke + Muon (u-RWELL)

The 4th Concept
PFA HCAL

Partially Yoke

Magnet (3T/2T)

PID (DC+ToF)

Crystal ECAL

Silicon Tracker
(Transverse bar)

Kruger 2022: Discovery Physics at the LHC 23



The 4th Conceptual Detector Design

Advantage: Cost efficient, high density

p Challenges: Light yield, transparency,
massive production.

Si Tracker Si Vertex

w/TOF outer layer

Muon+Yoke

Advantage: the HCAL absorbers act as part
of the magnet return yoke.

Challenges: thin enough not to affect the jet
resalution (e.g. BMR); stability.

s D al ba A\

Advantage: better 7%y reconstruction.

Challenges: minimum number of readout
channels; compatible with PFA calorimeter;
maintain good jet resolution.

A Drift chamber
that is optimized for PID

Advantage: Work at high luminosity Z runs

Challenges: sufficient PID power; thin
enough net to affect the moment resolution.

Kruger 2022: Discovery Physics at the LHC

Technologies
Det | Technology | | Det Technology
JadePix Crystal ECAL
E TaichuPix Si+W ECAL
% Arcadia 5 |Scint+W ECAL
X |CPV(SOI) “E’ Scint AHCAL
Stiching S |ScintGlass AHCAL
TPC S |rpC SDHCAL
2 CEPCPix MPGD SDHCAL
‘f Drift chamber DR Calorimeter
£ [PDDC _ |Scintillation Bar
Z |LeaD é RPC
Silicon Strip YW-Rwell
E SiTrk+Crystal ECAL
3 [SiTrk+SiW ECAL

24




CEPC R&D: Silicon Pixel Sensors

based on ATLASPix3 CN/IT/UK/DE
CDR design specifications TSI 180 nm HV-CMOS process

2 layers / ladder R,,~16 mm Goal: o(IP) ~ 5 pm for high P track Develop CEPCPix for a CEPC tracker

» Single point resolution ~ 3um

» Low material (0.15% X,/ layer)
»  Low power (< 50 mW/cm2)

= Radiation hard (1 Mrad/year)

Silicon pixel sensor develops in 5 series:
JadePix, TaichuPix, CPV, Arcadia, CEPCPix

@ % % Arcadia by Itallan groups

. : B TaichuPix-3, FS 2.5x1.5 cm?2 CPV4(S0OI-3D),64x64 array for IDEA vertex detector
_ aePlx—S |er size ~16x23 um?2 25x25 um? pixel size ~2 1 17um2 pixel size LFoundry 110 nm CMOS

Tower-Jazz 180nm CiS process
Resolution 5 microns, 53mW/cm?

O
=
&
=
=
B
R
-
b |

MOST 1

Kruger 2022: Discovery Physics at the LHC 25



CEPC R&D: Vertex Detector Prototype

integrated readout electronics

Low-mass vertex detectors require sensors with: -
low power consumption

TaichuPix3 chips at IHEP Ladder wire bonding preparations

Chip working well

Full vertex detector prototype test beam planned for DESY December 2022




CEPC R&D: Scintillating Calorimeters

3 batch tesfing platiorms built
(USTC, SJTU, IHEP)

Scintillator-W ECAL Prototype Scintillator + SiPM AHCAL Prototype

Plastic scintillator - —

Uniformity within £15%

LA —
3 m—

|glofale]

o
°
_{,
G
°
°
°
°

delae

¥y

3 readout
boards

e 0).e'\®

® @ 0, 09

HBU:HCAL Basic Unit

Test beam at CERN SPS on-going, together with CALICE

Kruger 2022: Discovery Physics at the LHC 27



CEPC R&D: High Granularity Crystal ECAL

Goal

Boson Mass Resolution < 4%
Better BMR than ScW-ECAL

Much better sensitivity to y/e,
especially at low energy.

662keVy

BGO Crystal

PMT

Performance Test

BGO_801010_SiPM_ESR_Th30mV_4x4Window_ch0

= e Entries 100011
i Mean 4216
& 2000~ Std Dev 4.2
Underflow 2331
e 2 Overow 136
F ¢! ndf .
1500 ER.=2371% L. B i
1400 - Constant 137151103
. ; i Mean 6635+ 1.1
/ _Sigma €6.3121.03
10004~ N r
) y f:
7 H'L»u Ji
600 W‘&‘%M 155.60 p.e.
400 K
oy ——
E 1 I | i )
] 200 400 620 800 1000 1200
Energy [keV]

-Different crystals investigated
+ BGO, PbWO

Performance with photons

Reconstructed Mass of Higgs

=y

b=l Crystal ECAL

“t BMR=1.2%

I
—
=

T — e R )
121 1 Entrics 1067 |
‘;":BS 80 _H = gg Mean 124.9
o Std Dev 57541
X2/ ndf 25.11/17
60 | Constant  86.45 £3.56 |
] Mean 125.5 +0.2 |
'E Sigma 4517 +0.137
=
= 40 f

Performance with jets

Crystal ECAL @

[ 1BMR:3.6% ]

= |-
S T

i
103 l 13 120 125 130

BMR of 5iW ECAL ~ 2.3%
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CEPC Physics Program

CEPC Operation mode ZH Z ‘ W+W- ttbar ‘

~ 240 ~91.2 ~ 160 ~ 360

Run time [years] 10 2 1 5
L /1P [x1034 cm-2s-1] 8.3 192 27 0.83
Latest [ab-1, 2 IPs] 20 % 7 1
(50MW)
Event yields [2 IPs] 4x106 4x1012 5x107 5x105

Large physics samples: ~10° Higgs, ~1012 Z, ~102 W bosons, ~10° top quarks
— Physics potential similar to FCC-ee, ILC, CLIC

Kruger 2022: Discovery Physics at the LHC 29



CEPC Physics Program

Precision Higgs, EW, flavor physics & QCD measurements
BSM physics (eg. dark matter, EW phase transition, SUSY, LLP, .... ) up to ~10 TeV scale

Chinesc Physics C - Vol. 43, No. 4 (201%) 043002

CEPC 2018

e il Precision Higgs physics at the CEPC”

Fenfen AnCEZF3F YuBai(H¥)Y  Chuohui Chen(3%9)°  Xin Chen(BEH)  Zhenxing Chen(FRlR 24
Joao Guimaraes da Costa’  Zhemwel Cui( W) Vaquan Fang(7rF 51°**"  Chengdong Fu(hiit )
i Gao(@ 50" Yanyan Gao(B5$5 22" Vnanning Gao(BSJEY  Shaofeng Ge( 35578
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CEPC Physics Program

Precision of Higgs coupling measurement (kappa0 fr)

Energy Scale probed

N || [Tev)
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01

1 Observable  curre ision  CEPC precision (Stat. Unc.] CEPC i i
240) GeV, 20 ah'l 360 Gﬁv, 1 nh'l SaE s rvable current precision precision (Stat. Unc.) riuns main systematic
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Hesce 2.02% 8.80%| 16% | 20% | i ol AA, 49x10°% [37, 51-55]  1.5x10°% (15x 10%)  Zpole (Z - +7)  Stat. Unc
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= - < 10-5 ~5: g
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Measuremert  Current [126] FCC [115] Tera Z Prelim. [127] Comments
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CEPC Physics Program
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CEPC has significantly better detection sensitivity for
dark matter and selected Higgs exotic decays than HL-LHC
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Budget for CEPC construction

Tier [ Tier I Amount (100 M CNY) E— T [ mw— —
Collider 99.2 z , — —
Booster 39.2 — b@@fﬁ ———
Linac and sources 9.1 En - 2 %@6’
Damping ring 0.44 = '\5*6&
Accelerator ) _ = o
Common: Cryogenics 10.6 606‘3;
Survey & alignment + ,:i. &@Q m
Radiation protection 1.7 QQQX i — '
Conventional facilities - 102 -.H\
Detectors : 40 s
~-ray beam lines - 3 E —
Project management (1%) - 3 § : -
Contingency (15%) - 46 = =
Total - _ .

e Cost estimated with two independent methods

— agrees at 10% level
— CEPC design relies on well studied, or mature technology

* reducing uncertainties on cost estimation

— cost estimation for TDR phase is in progress
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CEPC Financial Model

* Total required funding: 36 Billion RMB (5 Billion CHF at
today’s exchange rate)

* Funding model: Iteration and interaction with relevant
entities, especially Local governments (leading
contributors)

Funding Sources Funding Model #1 Funding Model #2
(B RMB) (B RMB)

Central Government 25 10
Local Government 5 20
International contributions 6 6

Donations 0-3.5 0-3.5
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CEPC Sites

Very good geological condition

D L
AR AT

Potential CEPG Sites -~

-  Ragaai . » ar - =
- . ke
7 \\ ! . 3
j 1
E N
: ; 1, } F 7
. : b 1
Drill-blast tunnel ’ i
(6.0mx5.0m) TBM tunnel (D6.5m)
ey Item Unit Drill-blast
P Y
]
“~The clearance cross nf 27.00
_ section ’

=3

R o S
- -~

T

Excavation unit price [Yuan/m3® [278.28

Construction Month 50
duration
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CEPC roadmap

Since 2019

Public release: November 2018 ; Cement project with
' R&D towards:

IHEP-EP-2018-01

- (1) Accelerator TDR, planned
X for 2023
S CEPC

Conceptual Design Report
Conceptual Design Report

Volum |-Ascderto : (2) Detector technologies
development and
arXiv: 1809.00285 arXiv: 1811.10545 B : cstablishmentofseeds for

Volume Il - Physics & Detector

International
Collaborations

The CEPC Study Group The CEPC Study Group

ugust 2018 Ociober 2018 f Identify challenges and
| devise solutions

Download from: http://cepc.ihep.ac.cn/

- =

Engineering Design Report (EDR) Phase: Jan. 2023-Dec. 2025

EDR document completed for government’s approval of starting construction around
2026 (the starting of the “15th five year plan” of China)
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CEPC longer roadmap

CEPC Project Timeline 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

Technical Design Report (TDR)

Engineering Design Report (EDR)
R&D of a series of key technologies
Prspare for mass production of devices though CIPC

Civil engineering, campus construction

Accelerator

Construction and installation of accelerator

New detector system design &
Technical Design Report (TDR)

Detector construction, installation &
joint commissioning with accelerator

Detector

Experiments operaticn

Further strengthen intsrmational cooperation in the
filed of Physics, dstector and collider design

Sign formal agreements, astablish at least two
international experiment collaborations, finalize
details of international contributions in accelerator

International
Cooperation



International Linear Collider
ILC

Acknowledgement
Inputs from Benno
List et. all
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ILC in a nutshell

* International Linear Collider ILC
— To be bUI|t in Japan

*  Superconducting Cavities, Nb
1.3GHz, 31.5 (35) MV/m

. Klystrons

«  250GeV CME, upgradeable to 500, 1000 GeV
« L=1.35x10% cm=2s (at initial 250GeV)

«  20km length, in Tohoku / Japan

. Polarisation 80%(e-), 30%(e+)

This bird’s eye view looks from East
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ILC Baseline, extension and upgrades

Quantity Symbol Unit Initial | £ Upgrade Z pole E/LC Upsrades
Centre of mass energy 250 250 91.2 500 250 1000
UImnInosity : s ] . , X " . 2. N .
Polarization for e~ je™ P_(Py) % 80(30) 80(30) 80(30) 80(30) 80(30) 80(20) .
Repetition frequency Frep Hz 5 5 3.7 5 10 4
Bunches per pulse Nbwnck 1 1312 2625 1312/26256 1312/2625 2625 2450
Bunch population Ne 1040 2 2 2 2 2 1.74
Linac bunch interval Aty ns 554 366 554/ 366 554,/366 366 366
Beam current in pulse Tpulse mA 5.8 8.8 5.8/8.8 5.8/8.8 8.8 7.6
Beam pulse duration bouctae s 727 961 T27/961 727 /961 961 897
Accelerating gradient (& MV /m 315 31.5 31.5 315 31.5 45
Average beam power Paoe MW 5.3 10.5 1.42,‘2.84‘) 10.5/21 21 27.2
RMS bunch length or min 0.3 0.3 0.41 0.3 0.3 0.225
Norm. hor. emitt. at [P Vg pm 5 5 5 5 5 5
Norm. vert. emitt. at IP VEy mm 35 35 35 35 35 30
RMS hor. beam size at IP at nm 516 516 1120 474 516 335
RMS vert. beam size at [P oy nm 7.7 7.7 14.6 5.9 7.7 2.7
Luminesity in top 1 % Loom /L 73 % 3% 99 % 58.3% T3%  445%
Beamstrahlung energy loss Sps 2.6 % 2.6% 0.16% 4.5% 26% 105%
Site AC power Paite MW 111 138 94/115 173/215 198 300
Site length Loite km 20.5 20.5 20.5 L3l 31 40 |
cuncncomppesiors Cumpin ings
TOR update:

e = I

15Geve. 1256e¥ =¥

Options A, A': 250 GeV tunnel G%DE@

Kitakami mountains

Kruger 2022: Discovery Physics at the LHC

Luminosity upgrades:

2 x bunches, 2 x RF (1.35 -> 2.7x103%4)
Run 500GeV machine at 250GeV,
10Hz:

factor 2 (2.7x103%4 -> 5.4x1034)

Improve power efficiency
;4000 [ e S e
= I ILC, Scenarlo H20-staged 1
> [ — ECM=250GeV ]

‘@ 3000 [ — EcM =350 Gev
e [ — EcM=500Gev ]
E sonof | | :
3 2000 " ]
B L |l : :
2 L g € ]
L & ]
u%moo_ g £ 1
ol i A A
0 5 10 15 20
years
Energy upgrades:

« 500GeV (31.5 MV/m Q,=1 x 10°)

+ 1TeV (45 MV/m Q,=2 x 10°, 300
MW) more SCRF, tunnel extension

+ Kitakami site: 50km long, sufficient for
1TeV
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ILC Accelerator Design and Challenges

Bunch compressor

Tuwrn around -
-

Efectron Linac

itron generation

%I focus
, Interaction Point {1P)

s5GeV electron

5GeV positron i ringls 71

damping ring(3.2km) ¥

Positorn Linac

Polarised
electron source

I1ms bunch train mean: ‘-*

1312 bunch (220km length) Beam start here
UL L[] ] oomemmeresen @5 mbunchspacna)

Bunch compressor

rr around

——————Bunch train compression \, ., Damping Ring (6ns bunch spacing.)
injection with compressed bunch spacing r 2.3km length

— ___extraction with long bunch spacing

Bunch train expansion

(554 ns bunch spacing.)

1312 bunch (220km length) -

Kruger 2022: Discovery Physics at the LHC 41



ILC Technology Readiness Level

ILC is a mature design.
R&D is going on to mitigate the identified risks

Since the publication of the conceptual design report (RDR) in 2007 and the Technical Design Report (TDR) in
2013, the technical development has been progressing steadily toward the start of construction.

Status (RDR) (TDR) (EDR)*
2021
SRF cavity, CM ~2017 . 2018 ~ 2021 ‘ International mass
Technology development ->Model work-> Prototype High performance and production, and transfer
cost reduction of cavities Aot
SRF Linac mz:z::ork: small-scale models, partial/component European XFEL user operation

~2017 A 4 - c
e- source Tech. Design->Tech. Development->Tech. Demonstration Tech. confirmation _g
=
e+ source ~2017 2018 ~ 2021 ‘ ) =
Undulator scheme Tech. Design->Tech. Development Tech. Demonstration Target and magnetic 7
focusing c
]
e+ source ~2017 2018 ~ 2021 ) o
e-driven scheme Tech. Design->Tech. Developmen Tech. Demonstration Targetand capture cavity O
—
DR ~2017 ’ : -

Design->Tech. Development-> Tech. demonstration achieved at KEK Kicker

ATF
. ~2017
Final focus Design->Tech. Development->Tech. demonstration achieved at KEK Stable op.
ATF
~2017 2018 ~ 2021 ;
Dump Tech. Design->Tech. Development Facility design Remote handling
~ 2017 ] ] ) ]
- 2018 ~ 2021 *EDR:Detailed Engineering Design
Pre-lab Report required to start construction.
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Cavity

The mass production of European

ILC Key technology update

2018 ~ 2021 Pre-lab
~2017 technical design 2018 ~ 2021 technical verification
v“";':ca w ( m?fa...'?'f’m. Bassline Undulator scheme to obtain polarization
2 —
Us-Japan:
new surface treatment, etc_ (Yield

;-. .

B

Fme'séuvohdéigw
Next Steps: evaluate

~2017 2018 ~2021
Basic design e
(by researchers abroad) e
“‘W‘w":""g“' Sp«ﬁ:demomdnmm Beam wam-rc.mwm

both schemes by

=
et
Structure) Target maintenance

Temrmugy Design
Alternative: Convenrjonal e-Driven
3 twr i—n

stesatun s acire

ciyedereanes

Confirmation of safety by i

+ Heat and siress in beam window
and shock waves in water
Evaluation of activation and snieiding

@F

e e o
‘experts from around the world beyand

e
Germany-Japan: Improving Efficiency
in Cavity Manufacturing.

ign to comply with
"High Pressure Gas Safety”.

Technology selection

m) ==

Civil Design of Beam -
Dump Cavity (2019) ‘ }

ey cpau design (inchuding muon

Target Mag_ focusing % el Tl
thermal Themal. "= —— =
simutation

analysis- e
. m -h.,“.

Pre-lab

Remote
Maintenance

#Testing of main

~2017 2018 ~2021 Pre-lab components of circulating
water system
®Beam window
DR replacement device

Design based on experience with Metising techiclogy b beans ®Leakage

circular accelerators (4 generation SR) the latest ring accelerators such as : for

around the world ete- dhareda SupakElH radiating dump water

g conuna tousel ®Earthquake resistant
iy e design

3.2 km circumference | SR Ppsa D) e N | Detailed system design
HV 4p/ 20 om i 100 ms — L - i (pursuit of safety design)

(37nm=ILC ( 7.7nm) ) oty ATE wakefhed s

o I syembeweaBPM
- ‘QD10BFF and QDI10AFF

Eng. Design
Equipment verification

InjJExt.

* Broad progress over the last 5 years
Maturity of key technologies is high

* Positron source remains biggest challenge
* Priority work packages have been identified for the next 4 years
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ILC Site Selection and Civil Engineering

Kitakami mountains

1) ILC Location

ILC accelerator area : inside the granite rock bodies
-> inside black curves (left)
-> in the pink color (right)
- possible up to 50 km

- On-going jobs : Optimal accelerator placement, considering surface environment, land-use and

land-acquisition S/

e AR o

Layout of the detector hall and around will
be optimized with detector groups.

LFER R

i !
0 endai
a8

L2400 *  Electric Prospecting (crack)

» AT
@ Boring Points !
a7 N 1S 2
Von o  Moasurement Line of the
‘ Seismic Explorats
'

2 Geological Surveys

ross soction of the electromagnatic (electric)

£ 1)

»  Seismic Exploration (stiffness) Sapecing T s "
* Boring Survey w b . “=====" Electromagnetic |
+  Borehole Camera “ = Frospecting——— "»
Cross section of the seismic exploration . .
Seismic

* Measurement of Initial Stress
of the Ground

. Exploration

Access Station

/23 32kt
Tl
“Straight in

vertical”

Between access points
(PM-8 and PM+8)

Access Hall
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ILC Timeline

2020: ICFA set up International Development Team (IDT) ‘towards ... timely realisation of ILC’

» International Development Team (IDT) prepares Pre-Lab

» 4 year Pre-Lab (hosted by KEK, Japan) phase for R&D, Engineering Design Report, Construction
preparation, on the premise that Japanese Govt. will express an interest to host ILC

> Interested countries should continue to work on technical issues

» Decouple technical progress from ‘hosting issue’
» ILC Laboratory (international): 10 year construction phase

-

. libr| ucPretab ILC Lab.

P1|P2 | P3| P4 10 | Phys.
Exp.

Preparation
CE/Utility, Survey, Design
Acc. Industrialization prep.

Construction

Civil Eng, NN

Building, Utilities
Acc. Systems

Installation ----

Commissioning
Physics Exp. -
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ILC project status

April 2022: ICFA re-stated support for ILC + extended IDT mandate:

‘IDT will ... further strengthen collaboration among institutes and labs ... and expand the
broad support from various stakeholders’.

‘ICFA continues to encourage inter-governmental discussions between Japan and
potential partner nations ... toward realisation of an ILC".

IDT has identified ‘time-critical’ work packages (~ years 1-2 of Pre-lab) and is exploring
collaboration among KEK and international partners should significant additional funds
appear at KEK in JFY2023.

IDT initiating ‘International Expert Panel’ to develop a model for realising a large global
project, such as ILC. Panel members will liaise with respective funding agencies.

https://icfa.hep.net/wp-content/uploads/ICFA Statement April2022 Final.pdf
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ILC Summary

o N AL e

- Q)

Medium Term Plan

EPPSU Snowmas

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

/>ILC hosted in Japan is a mature design and is set up as
international project

 The main accelerator technologies have been demonstrated ( mass production
still a challenge)

* The cost and implementation time are similar to LHC (~7BS)* as well as the
power (110 MW)

* The physics case is broad and profound, and being further developed
* The detector concept arid detector technologies R&D are well advanced

\\ * ready for start up ~2038 /

* Baseline, 2021 value, including 10000FTE-yr
from ITF Snowmass report




Future Circular Collider

FCC

Kruger 2022: Discovery Physics at the LHC
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Future Circular Collider in Europe (FCC)

Comprehensive long-term program maximizing physics opportunities

Stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & top factory at highest
luminosities

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

transfer lines proposed to be
Injection installed inside FCC-hh ring tunnel Sk =<2
o RAExperiment site) Azimuth =-10.2° muth = =10
—————— Injection 2 B
Injection into collider lSsS =1400 m 5 njection
Beam dumg Technical site N I o
Technical site # - " LSS =2160m Technical site
£ = R Lochnical site f L55=2160mIAPE  Beam dump
400 MHz RF, N FCC-hh ’
¥ 7
AN I 4
N ¥

N
Arc length = 9616.586'm i
N\

booster
7 Naiiales bl . 21, —— PD PI) = = = m o m e e = = e PD
(Secondary = (Secondary
(Optional (Optional periment 888 =1400m experiment
Experiment Experiment te) ite)

site)

Betatron & Technical site
momentum i
collimation

A
LSS =2160 m JJJ ‘;;mmw site LSS = 2160 m LSS =2160 m JJ 'T:Fchmu' site

Momentum Betatron collimation

collimation

SSS = 1400 m

PG (Experiment site) PG (Experiment site)

020 - 2040 2045 - 2060 2065 - 2090
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FCC-ee in a nutshell
High luminosity precision study of Z, W, H, and tt

— 2X1036 cm2s1/IP at Z (or total ~1037 cm=2s-1 with 4 IPs)

— 7%X10** cm2statZH, 1.3x10%* cm2s1at tt,

— unprecedented energy resolution at Z (<100 keV) and W (<300 keV)
Low-risk technical solution

— based on 60 years of e*e” circular colliders and particle detectors

— R&D on components for improved performance, but no need for “demonstration”
facilities

— LEP2, VEPP-4M, PEP-II, KEKB, DAD®NE, or SuperKEKB already used many of the key
ingredients in routine operation

Infrastructure will support a century of physics

o FCC-ee = FCC-hh - FCC-eh and/or several other options (FCC-up,
Gamma Factory ..)

Utility requirements similar to CERN existing use
Strong support from CERN, partners, and 2020 ESPPU

Detailed multi-domain feasibility study underway for 2026
ESPPU

Kruger 2022: Discovery Physics at the LHC 50



Stage 1: updated parameters

Parameter [4 IPs, 91.2 km,T,.,=0.3 ms]

beam energy [GeV] 45 80 120 182.5
beam current [mA] 1280 135 26.7 5.0
number bunches/beam 10000 880 248 36
bunch intensity [10""] 243 2.91 2.04 2.64
SR energy loss / turn [GeV] 0.0391 0.37 1.869 10.0
total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.08/0 4.0/7.25
long. damping time [turns] 1170 216 64.5 18.5
horizontal beta* [m] 0.1 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 1.6
horizontal geometric emittance [nm] 0.71 217 0.64 1.49
vertical geom. emittance [pm] 1.42 4.34 1.29 2.98
horizontal rms IP spot size [um] 8 21 14 39
vertical rms IP spot size [nm] 34 66 36 69
beam-beam parameter &, / &, 0.004/ .159 0.011/0.111 0.0187/0.129 0.096/0.138
rms bunch length with SR / BS [mm] 4.38/14.5 3.55/8.01 3.34/6.0 2.02/2.95
luminosity per IP [1034 cm2s-1] 182 19.4 7.3 1.33
total integrated luminosity / year [ab-/yr] 87 9.3 3.5 0.65
beam lifetime rad Bhabha + BS [min] 19 18 6 9

Kruger 2022: Discovery Physics at the LHC
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FCC-ee Pre-Injector - Swiss CHART 2 program

Collaboration between PSI and CERN with external partners: CNRS-1JCLab (Orsay), INFN-LNF
(Frascati), KEK/SuperKEKB as observer, INFN-Ferrara — radiation from crystal

P3 project funded by the CHART program

beam dump
What we want to validate with the experiment
3 + d . . , Spectromete
. m Positron Yield > 3 (simulation showed > 5) with ]
P . P S I e p ro u Ct I O n eX p e rl e nt conventional scheme (simulation vs measurement) positron beam g

Positron (and electron)
diagnostic: broadband
pickups, spectrometer and
electron beam Faraday cups

v' AMD: SC Solenoid with HTS technology including

with HTS solenoid at SWisSFEL e conon

v RF structures: large iris aperture “ '

p I anne d fo r 2 O 24/2 5 v NCversus SC solenoids around the rf structures

AMD: HTS
solenoid with
embedded target

Radiation from

the crystal - .
2 rf cavities with  5c or NC solenoids around

largeiris aperture  the rf structures under

. . . evaluation
Latest FCC-ee pre-injector layout S
~100 m v ~300 m /\ _~ Beam stopper
L —»
Electron SPS (PBR/S electron beam enapermanent megnet Page 12

source EC  HE Linac

Common Linac

Positron source E41en

P. Craievich, A. Grudiev, C. Milardi, A. De Santis, et al. X e
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Accelerator R&D examples

efficient RF power sources efficient SC cavities .geff;20n Lab
(400 & 800 MHz) 1. syratchev 200 Mbta Q0 | 55 ok s
1-,2- & P — F. Marhauser
4-cell
. 3 e — El;/;:u ’ BOOT?BAHZ S}Cf:L:bz K quench limit
: rototype ,
Xuv(lu:i;:vl!uners . P - —— Regime of E,.
e requirements
in FCC-ee,
FPC & HOM coupler, cryomodule, . , Friet, PERE
thin-film coatings... Exce vy
energy efficient twin aperture arc dipoles under study: CCT HTS quad’s & sext’s for arcs

PAUL SCHERRER INSTITUT Lt

III.
Massachusetts

Institute of
M. Koratzinos Technology

A. Milanese
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Stage 2: FCC-hh (pp) collider parameters

parameter

collision energy cms [TeV] 100 14 14
dipole field [T] ~17 (~16 comb.function) 8.33 8.33
circumference [km] 91.2 26.7 26.7
beam current [A] 0.5 1.1 0.58
bunch intensity [10'1] 1 1 2.2 1.15
bunch spacing [ns] 25 25 25 25
synchr. rad. power / ring [kW] 2700 7.3 3.6
SR power / length [W/m/ap.] 32.1 0.33 0.17
long. emit. damping time [h] 0.45 12.9 12.9
beta* [m] 1.1 0.3 0.15 (min.) 0.55
normalized emittance [um] 2.2 2.5 3.75
peak luminosity [1034 cm-2s-1] 5 30 5 (lev.) 1
events/bunch crossing 170 1000 132 27
stored energy/beam [GJ] 7.8 0.7 0.36
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Total magnet length (m)

Preparing for FCC stage 2 (FCC-hh)

In parallel to FCC studies,
High Field Magnet development program as long-term separate R&D project

100000

10000

1000

100

10

0.1

1 Development of robust and

cost-efficient processes
LHC
Robust Nb,;Sn
HL-LHC QXF\4& _
Logical step for a next
T T phase (2027-2034)
Fresca2 Ultimat Sn Exploration of
MDPCT1 new concepts
and technologies
5 10 15 20 25
Bore field (T)

CERN budget for high-field magnets doubled in
2020 Medium-Term Plan (~ 200 MCHF over ten
years)

Main R&D activities:

O materials: goal is ~16 T for Nb;Sn, at least ~20
T for HTS inserts

U magnet technology: engineering, mechanical
robustness, insulating materials, field quality

O production of models and prototypes: to
demonstrate material, design and engineering
choices,
industrialisation and costs

O infrastructure and test stations: for tests up to ~
20 T and 20-50 kA

Detailed deliverables and timescale being defined
through Accelerator R&D roadmap under development

L. Bottura, F. Gianotti, A. Siemko
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New layouts & preliminary assignments of straight sections

injection-tunnel near PA; 400 MHz RF in PL; 4 exp. caverns for both
FCC-ee 4-fold periodicity, synergies ee & hh FCC-hh

Injection transfer lines proposed to be
Into booster PAJExperiment site) Azimuth = -10.2° installed inside FCC-hh ring tunnel

Azimuth =-10.2°

PA (Expgriment site)

——————— >
Isss =1400 m Injection into collider Injection ~ _.’ )
Beam dump Injection
Technical site LSS =2160m Technical site i i \
g B Technical s';ti N Technical site
() =
400 MHz RF RF L8 =2160m P8 Beam dump
booster
- NG ——— —— = = = = e - e == - - - PD Pl e = = = i o= e, o e kA e e e i e e e PD
(Optional (Optional (Secoy\dan{ (Seco_ndar¥
: : experimen experimen
E.xperlment E-xperlment site) site)
site) site)
4o Betatron & ical si N
Technical si;t: Y 1SS =2160 m LSS = 2160 m [ ';?:chnlcal site Technical Spltﬁ X LSS = 2160 m LsS =2160m ¢ Technical site
momentum PF
800 MHz RF $8S = 1400 m collimation Momentum SSS = 1400 m Betatron collimation
. collimation
PG (Experiment site) PG (Experiment site)
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Optimized placement and layout

8-site baseline “PA31”

Number of surface sites 8 B ST S PB: technical

« 1206

LSS@IP (PA, PD, PG, P)) 1400 m el e

LSS@TECH (PB, PF, PH, PL) 2143 m N el T )

Arc length 9.6 km B e

Sum of arc lengths 76.9 m J G & PD\: Rﬁﬁ)ﬁperiment
Total length 91.1 km :

» 8sites —less use of land, <40 ha instead 62 ha . P eXpérime”t i o2,

Le Sappey.

* Possibility for 4 experiment sites in FCC-ee

* All sites close to road infrastructures (< 5 km of new
road constructions for all sites) / sy

* Vicinity of several sites to 400 kV grid lines

* Good road connection of PD, PF, PG, PH suggest
operation pole around Annecy/LAPP

* Exchanges with ~40 local communes in preparation

Kruger 2022: Discovery Physics at the LHC
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FCC tunnel - geological conditions

— Quaternary

1800m FCCinclined at 0.5% Limestone unavoidable —Lake
. e e Wildflysch
600m gradient to minimise between G-H e ik
1400m H __Molasse
o R depth of point F B | ol
’izoom @ 2 E _Shaft
Eioom 8 S o - .Alignment
@ ) @ S
i 5 g =

600m

400m

200m

T0km

Om
Okm 10km

FCC passes below
Lake Geneva moraines

Shaft depth:
A:202m B: 200 m D: 177 m F:399 m G:228m H: 139 m J: 251 m L: 253 m

B0km

20km

40km 50km
Distance along ring clockwise from CERM (km)

FCC passes above
limestone

Tunneling mainly in moraine layer (soft rock), well suited for fast, low-risk TBM construction.

Site investigations campaign planned for 2024 - 2025: ~40-50 drillings, 100 km of seismic lines
John Osborne
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Status of Global FCC Collaboration

Increasing.international collaboration as a prerequisite for success:

links with science, research & development and high-tech industry will
be essential to further advance and prepare the implementation of FCC

n"‘v* ¥ x
B,
Wiodeo T

FCC Feasibility Study: 98 fully-signed previous members, 17 new
members, MoU renewal of remaining CDR participants in progress

Kruger 2022: Discovery Physics at the LHC




Timeline of FCC programme

0 2013 ESPPU requested FCC Conceptual Design four-volume report — 4 volumes delivered in
2018/19
O describing the physics cases, the design of the lepton and hadron colliders, and the
underpinning technologies and infrastructures
0 2021 Launch of FCC Feasibility Study (FCC FS) by CERN Council: 2021-2025
O including tunnel construction, financing, and environment etc. key aspects
Q If project approved before end of decade - construction can start beginning 2030s
O FCC-ee operation ~2045-2060

O FCC-hh operation 2070-2090++

.................... |19 B Fcce | 10 years | S
~ 15 years operation ~ 25 years operation
Feasibility Study ESPP years op
FCC-ee dismantling, CE
Geological investigations, infrastructure Tunnel, site and technical & infrastructure
detailed design and tendering preparation infrastructure construction adaptations FCC-hh
FCC-ee accelerator and detector R&D and technical FCC-ee accelerator and detector
design construction, installation, commissioning
Long model magnets High-Beld magnet
Superconducting magnets R&D . industrialization and
prototypes, pre-series ; :
series production

FCC-hh accelerator
and detector R&D FCC-hh accelerator and detector

and technical design construction, installation, commissioning




FCC outlook

Comprehensive R&D program and implementation preparation

EU co-financed FCC Innovation Study, the Swiss CHART program, and the CERN High-Field
Magnet Programme.

Goal: demonstrate FCC feasibility by 2025/26

The first stage of FCC could be approved within a few years after the 2027 European
Strategy Update

Tunnel construction could then start in the early 2030s

FCC-ee physics program begin in the second half of the 2040s.

Long term goal: world-leading HEP infrastructure for 215t century to push particle-
physics precision and energy frontiers far beyond present limits

Plenty of opportunities for collaborations (incl. DAFNE, EIC, SuperKEKB/Belle 11,...) and for
joint innovative developments with int’l partners !
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Summary
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Indicative scenarios of future B proton collider

colliders [considered by ESG]

China Japan
= rﬁ'\

5years

20km tunnel

Electron collider
B \uon collider

2038 start physics

ILC: 250 GeV
2 ab?

31km tunnel

2036 start physics

CepC: 90/160/240 GeV

100km tunnel 100/6/20 ab'!

LHC HL-LHC (14TeV, 3 ab™)

CERN

(13.6TeV, 450 fb!)

2020

holding

2030

91km tunnel, installation

FCC-ee: 90/160/250 GeV - CavAlTab FCC hh 100 TeV = 30 ab_l

4 ab?

150/10/5 ab*

2040

500 GeV

Original from ESG by UB
Updated July 25, 2022 by M.Narain (Snowmass
summary),
Modified CEPC Dec. 7t by J. Wang
(Kruger2022)

B Construction/Transformation

Preparation / R&D

40 km tunnel

SppC: 75-125 TeV, 10-20 ab"!

350-365 installation

3 TeV
5 ab?

50 km tunnel

2060 2070 2080 2090
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Summary

» Future colliders are discovery machines

» Precision measurements of Higgs, W/Z and top pave paths to
BSM

» Development of future collider projects well
underway

» Key accelerator technologies R&D continues and many are put
to prototyping

» Several R&D detector projects reaching a successful conclusion
» Detailed studies on the site selection, construction and costs
» Roadmaps indicate first operation of future
collider as early as 2036.
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Back up
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ompact Linear Collider in Europe (CLIC)

ne

okt

é Legend

e CERN existing LHC # P AN > COMBINER RINGS

Potential underground siting : DRIVE BEAM INJECTOR

eeoe CLIC 380 GeV
CLIC1.5TeV
CLIC 3 TeV

“._DRIVE BEAM DUMPS

Accelerator Structure
12 GHz (L~25 cm) detector

Snowmass Oct 2020 / CLIC / Steinar Stapnes




Compact Linear Collider in Europe (CLIC)

The Compact Linear Collider (CLIC)

e Timeline: at CERN (~2035 Technical Schedule)

e Compact: Novel and unique two-beam accelerating
technique with high-gradient room temperature RF
cavities (~20’500 cavities at 380 GeV), ~11km in its
initial phase

e Expandable: Staged program with collision
energies from 380 GeV (Higgs/top) up to 3 TeV
(Energy Frontier)

e CDRin 2012. Updated project overview documents
in 2018 (Project Implementation Plan).

e Cost: 5.9 BCHF for 380 GeV (stable wrt 2012)
e Power: 168 MW at 380 GeV (reduced wrt 2012),
some further reductions possible

Comprehensive Detector and Physics studies

Snowmass Oct 2020 / CLIC / Steinar Stapnes



CLIC CE, stages and schedules

4 Legend v m
. e Lake Geneva 7 years

=== CERN existing LHC I

Potential underground siting

3TeV
- Construction

380GeV 1.5TeV

CLIC 380 Gev . c on < .
CLIC 1.5 TeV AT A N - Constructi - Construction
CLIC3 TeV 2 1 v - Installation _é! - Installation _g - Installation _E
] = H = 2
§ i3 i
380 GeV Physics % ,;- 3TeV Physics
H
Jura Mguntains 5 5
. . o 2 4 6 8 10 12 14 16 138 20 22 24 26 28 30 32 34

Technology Driven Schedule from start of construction shown above.

A preparation phase of ~5 years is needed before (estimated resource need for
this phase is ~4% of overall project costs)

L ‘. moraine
= molasse

w00 i =3 limestone
=T

0 -~ machine tunnel

15TeV

380 Gev. "

Elevation (mASL)

g

Benno List: ILC and CLIC as Future Higgs Factories | CEPC Workshop



Muon Collider (CERN)

New technology, to be fully developed

Neutrino Factory (NuMAX) y 1

Proton Driver Front End |Cool- | Acceleration | Storage Ring v Factory Goal:
1021 o & o per year

OO ing J”_’, v within the accelerator Broad Applications:

acceptance . .
* Neutrino Factories

w
[l
)
<

o —— 5.2 5 5|2 0.2-1 1-5 —
e g 2 SRE S E|5i GeV GeV H ‘ . ~
I ceE 2 5|8 o1 = Collider Goals: * Colliders from ~100 GeV to
& E 3 82> gloi 126 GeV =
= ‘7’5_% = % i |Accelerators: ~14,000 Higgs/yr 10s of TeV scale
= g = & |z i [Single-Pass Linacs Multi-TeV =
Share same complex - T -. Lumi > 10%cm-?s * Secondary Beams
Muon Collider Reyf ;
; S — ¥__ Low radiation loss, high energy 10s TeV
Proton Driver Front End iCooling Acceleration Collider Rir

* Proton-driver with ionization
cooling
e Positron-driver with low emittance

OOA

SC Linac
Buncher
Buncher

Combiner
Capture Sol.
Decay Channel
6D Cooling

o
S @
=
S o
3
@a =

Accelerators:

rinace, LA or FFAG RES Muon Accelerator Design Status

* Full conceptual designs for NFs

* Key feasibility tests from MAP/MICE
completed successfully!

Accumulator
Phase Rotator
Initial 6D Cooling
Charge Separator,

6D Cooling

Final Cooling

MW-Class Target

Low EMmittance Muon Positron Linac |Positron Acceleration
Accelerator (LEMMA): Ring
10" o pairs/sec from
e’e” interactions. The small
production emittance allows lower

y

overall charge in the collider rings | Positron Linac .
— hence, lower backgrounds in a =% & § §u > NOW I’eady fOI‘ d more deta”ed
collider detector and a higher x po S & . Q
potential CoM energy due to 82 2| Accelerators: collider conceptual design study
neutrino radiation. E Linacs, RLA or FFAG, RCS
High level of complexity
Muon collider based on proton driver Need CDR and technology
development
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CLIC Physics Program

» 3 steps: 380 GeV (updated from 350 GeV for ttbar coupling measurement), 1.5 TeV, 3.0 TeV.
» Physics

» 380 GeV run : Higgs measurement, top mass scan, top coupling measurement.

The precisions of Higgs parameters are 1-5% and can reach 1% or better combining 1.5/3 TeV runs
Top mass measurement can reach tens of MeV

» 1.5,3 TeV runs : Higgs self coupling, top-Yukawa coupling, search for BSM new physics.
Di-Higgs (Heavy Higgs), ttH
SUSY, Z’, etc.

Muon Collider Physics Program

» Larger mass of the muon allows a smaller foot print and higher energies compared to e*e” counterparts, although
suffering from major challenges of finite lifetime and cooling.
» Physics:

» Higgs factory at “125 GeV : line-shape scan of the Higgs boson, simultaneous measurement of the Higgs boson

mass, width and muon Yakawa at unprecedented precision.
» High Energy runs up to 100 TeV to probe :

Top Yukawa coupling, Multi-Higgs, possible new physics contributed to Muon g-2
Muon has a structure

i H 7 I reit- i.ner
Vector boson machine o b o e -y
=125 GeV
WIMP dark matter 5 N
= 40 =
------- s% 30 i
& » I Bean spread R=0.003%
3 b d el Ny
& of /“‘::‘ ’IS/R’& RI=OYO1>N T *7 .
124.97 124.98 124.99 125.00 125.01 125.02 125.03
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