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But their masses are so different — a big problem for physicists
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Ordinary Matter - The Standard Model’

(a.k.a. our best theory of Nature)

Mediate Matter
Interactions

Betore July 4, 2012 -
A ‘ Gy S Y A
|
Leptons never directly observed! [ 41&7)?33)1

*Some assembly required. Gravity not included.
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35.9-137 fb' (13 TeV)
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ATLAS Preliminary

Vs=13TeV,24.5-139 b 7

m,, =125.09 GeV, ly, | <2.5, P, = 84% S
W

.. :
- m, = 125.38 GeV
£ p-value = 44%
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¢ Vector bosons

¢ 3" generation fermions :
P ¢ Muons '
104 SM Higgs boson
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The Universe according to the Big Bang

History of the Universe
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12 billions years ago,
the Universe was

filled with elementary

particles, charged leptons,
neutrinos, quarks, bosons
for mediating interactions.

It took 12 billions for the
Universe to expand and
cool down to form the
cosmo world.
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Accelerating cavity
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. . Future?
10000 | Discovery on the Energy Frontier ILC/CLIC,

FCC, CEPC,

*‘4%7im+ﬁi% Superfluid Muon COlllder,

e 1000 Hadron colliders e -
=
8 (top quark Tevatron) '
s SC cable )y, Lepton colliders

(W, Z bosons) SppS
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RAEEMEIE S X Pl (CEPC)

o IMEIEMHBFXNEN (CEPC) : {HK~100 /A‘E O REBE 90-240
GeV, afH3|360 GeV (t %E)

o HinE =4 >10° Hkirhi+(H) , 10° W, 10% Z A

o 20129 WP EPEFRH (FWHIAFT2012.7.483)

o ARBBEAEIES X REAL T LSRR Y; FEBEPCSER “— Rz ML
Ja, W CEPCERA HErGuHAL, BBERMICERNE RO

o MH: HRB—ARBE-RmRYFEZEN R SHRN G SR, ...

o BIEAHTAT, Stl_&“*

o KAME I35
CEPC+J2{>504F

o [EWANEMIE
>ET A

IP4

Booster(100 km)
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0 lderng(mo km) [P

CEPCE % o~y
LTB : Linac to Booster SR Collider Ring(109 km)
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K ARSREFTEXT AL (FCC)

Comprehensive cost-effective program maximizing physics opportunities

Stage 1: FCC-ee (Z, W, H, tt) as first generation Higgs factory, EW and top factory at highest
luminosities. 5

Stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with ion and eh options.
Complementary physics

Integrating an ambitious high-field magnet R&D program

Common civil engineering and technical infrastructures

Building on and reusing CERN'’s existing infrastructure.

FCC integrated project plan is fully integrated with HL-LHC exploitation
and provides for seamless continuation of HEP.

A = L DS
L B g
m— | arc

Exp.

Inj. + Exp. , Inj. + Exp. Schematic of an
N T ¥ 80 - 100 km
S 3 long tunnel

D (RP) n “ B-coll «— 28km —» extractlon”_ D

\_ /" FCC-hh

J(RP

Gy (m)

ﬁ%ﬂ&ﬁ%%g SHEVAE S E
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K AREFTEXS AL (FCC)

FCCHIZ5 & W BB 7011 &)

i X3 P1100TeV

95% CL Limits
7 14 TeV, 0.3 ab
B 14 TeV, 3 ab™

5 o Discovery
100 TeVv, 3ab™
B 100 TeV, 30 ab™

|
1E 54 BB 5 A )
240/365 GeV (t= WA 5%)
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€+ INJECTION DESCENT TUNNE
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€= INJECTION DESCENT TUNNEL
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COMBINER RINGS

Legend

=== CERN existing LHC , RS
Potential underground siting : : WS DRIVE BEAM INJECTOR
sses  CLIC 380 GeV

sese CLIC1.5TeV
sese CLIC 3 TeV

BYPASS TUNNEL
e INTERACTION REGION
DRIVE BEAM LOOPS '

MAIN BEAM INJECTOR

DAMPING RINGS

Jura Mountains

DRIVE BEAM DUMPS

TURN ARCUND

" —— \\

NIE LT DL
12 GHz (L~25 cm) IR i

Snowmass Oct 2020 / CLIC / Steinar Stapnes




WK K H X L (CLIC)

The Compact Linear Collider (CLIC)
e Timeline: at CERN (~2035° FHZ}. ~2035£1§

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 programme with collision
energies from 380 GeV (Higgs/tgp) up to 3 TeV

“B” ERFEINE (380-3000GeV)

e CDRin 2012. Updated project overview documents

in 2018 (Project Implementation Plan). See

resource slide.

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

EM~a00fZ N BT

. Comprehensive Detector and Physics studies

Snowmass Oct 2020 / CLIC / Steinar Stapnes
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Neutrino Factory (NuMAX) ¥ ]
Proton Driver Front End |Cool- | Acceleration | Storage Ring v Factory Goal:
ing 107" o« & «— per year
e Y within the accelerator
( 5 GeV g acceptance
G o 2 .3 = 5| 0.2-1 1-5 - >
z S @ woe & 2| GeV GeV K l
k= 8 5 Fa® B 8§81 1 «-Collider Goals:
een | 5 & nEE RNl O 281m =Lollaer 3
A E 3 22> “ @ la: 126 GeV
3 Y88 8= i Accelerators: ~14,000 Higgs/yr
< é & = Z2:i |Single-Pass Linacs Multi-TeV =
== Lumi > 10%cm2s
< Share same complex
Muon Collider l
Proton Driver Front End §Cooling Acceleration Collider Ring

OO,
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o §8 o o= % ® @2 © C Accelerators:

- S © %*|E 5 “ | Linacs, RLA or FFAG, RCS

Low EMmittance Muon Positron Linac |Positron Acceleration Collider Ring
Accelerator (LEMMA): Ring
10" =« pairs/sec from e
e*e” interactions. The small CoM*
production emlFtance allc?ws Iqwer i e 10s of TeV
overall charge in the collider rings Positron Linac Ps
— hence, lower backgrounds in a =% § @
collider detector and a higher x Q0 cF —
2 o @ 9 7 i
potential CoM energy due to =7 E Accelerators:
neutrino radiation. 2 Linacs, RLA or FFAG, RCS
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g
/
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Broad Applications:

* Neutrino Factories

* Colliders from ~100 GeV to
10s of TeV scale

I_J"/Flﬁgﬁiflj\ HEE &

Potential Sources:
* Proton-driver with ionization

cooling
* Positron-driver with low emittance

10s TeV

Muon Accelerator Design Status

* Full conceptual designs for NFs

* Key feasibility tests from MAP/MICE
completed successfully!

* Now ready for a more detailed
collider conceptual design study

HrEES
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CLIC'K & B 248 Nk a3V HEE 7%

> 32U ]: 380 GeV (updated from 350 GeV for ttbar coupling measurement), 1.5 TeV, 3.0 TeV.
» Physics

» 380 GeV run : Higgs %%%Mﬂ“%: top %ﬁﬁ%ﬂ%% easurement.

The precisions of Higgs parameters are 1-5% and can reagh 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 \
Si,sfff ((etce - ARATE AW E, top-Yukawa, FrHLE

ZF XN B 5T

» 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 b %%%I}_‘ measurement of the Higgs boson
mass, width and muon Yakawa at unprecedented precision.
b
» High Energy runs up to 100 TeV to probe : Eﬁﬁuiiloo TeV

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

I I L reit-Wigner
Vector boson machine 1 A e Bret-Wig
- mp=125 GeV
WIMP dark matter L f M7V
h f: sk
. : % 30k
S 2k
o b 10 & R=0.003% §)_ ..
u 0 fmemen -L""— : l':,fa/:.rz‘_u:i»:;.' - “““‘-
A: \ ” )\ » ].. I ‘; /.‘v\‘ 12497 124 .98 124 98 125.00 125.01 125.02 125.03 2 6
.mp\,.. , L)ﬁg(m;l).ZES i



New Strategy 2020 #7131 %]
High-priority future initiatives ﬁ%ﬂtﬁ'ﬁﬁﬂ&ﬂ%ﬁﬁ%

a) 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 highe: «20208k 3Hk; 745 1% w5 5 %
Accomplishing these compelling goals will require innc B Er» i o2 1 60 HL % LA
technology: ¥ 30 1) A i e

b) Innovative accelerator technology underpins the physics reach of high-energy and

high-intensity colliders. .... must intensify accelerator Ri « 20205k #Hki -4 P8 &k ws 5 %
resources...... A roadmap should prioritise the technolog ¥ gr» XEPLE AW & A &) |

fashion and coordinated among CERN and national laboratories and institutes.

Europe’s funding for future energy frontier collider projects (2021-2025):
FCC 20 MCHF/year

CLIC 5.5 MCHF/year
muon collider 2 MCHF/year 2430/ A Rt ¥E

SC magnet 190 MCHF/10 years; detector 90 MCHF/11 years
it T AW (2021-25) 100 MCHF
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European Strategy Update m

Nov: Definition of process

\

Jan: Appointment of expert panels

}

Jan - Jun: Community consultation

\

Jul: Public reports (EPS-HEP 2021)

¥

Sep - Nov: Planning discussions

¢

Dec: Approval of final roadmap
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Stage 2: Roadmap
Implementation - European Strategy Update

CERN Council ﬁ

Laboratory Directors Group <= CERN SPC
Expert Panels
o]
High-Field Plasma / Laser
Magnets Acceleration sl Rdateddﬁe'ds
<4mp
facilities
Muon Beams SISy G
Linacs
Accelerator Particle physics

R&D Community Community

JIN 3 A% I VARREY/BE TR

Dave Newbold @ EPS2021
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ECFA

European Committee for

ECFA Detector R&D Roadmap Organisational Structure
TR | g s tosisemen |

Detector R&D Roadmap Panel
assist ECFA to develop & organise the process and to deliver the document

Coordinators: Phil Allport (chair), Silvia Dalla Torre, Manfred Krammer, Felix Sefkow, lan Shipsey
assist ECFA to identify technologies & conveners

» Publication

\
Advisory Panel with
other disciplines
e.g. APPEC, NuPECC,
LEAPS, LENS, Space, ...

s

Ex-officio: ECFA chairs (previous and present), LDG representative . >
Scientific Secretary: Susanne Kuehn
@ TF#1 B & TF#2 TF#3 e & TF#4 5 ( TF#H5 i TF#6 h 4 TFH7 hTd TF#8 \ TF#9 i
Gaseous Liquid Solid State Photon Quantum & Calorimetry Electronics & On- Integration Training
Detectors Detectors Detectors Detectors & Emerging detector
o) PID Technologies Processing

Anna Colaleo Ronanne Guenette Nicolo” Cartigha Newille Marnew Marcel Demartesy Roberto Ferrari Dave Newbold Frank Martmann Johann Collot

Leszeh Ropelewsu Jocetyn Monroe Glubo Pellegrini Peter Krizan Michse! Doser k Roman Poesch J francols Vasey Wernes Riegler Lrika Garutyl

Consultation with the particle physics community & other disciplines with technology overlap

https://indico.cern.ch/e/ECFADetectorRDRoadmap

Phill Allport at EPS 2021




SNOWMASS 2021
< [ = e V) B

(D Define the most important questions for HEP & related fields
2 Identify the most promising opportunities to address these questions in a global context

U.S. Strategic Planning Process for Particle Physics

~year-long process
Snowmass Community-Wide “Science” Study
Organized by Division of Particles and Fields (DPF) of APS

o
@Input to P5

The Snowmass community planning
exercise, that had been delayed since

January 2021 due to the COVID-19 pandemic,
resumed the full activity in September 2021

Snowmass Book FITELE W ER5ERL: October 31, 2022.
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Japan’s Strategy for Energy Frontier

» Current HE research concentrates on (HL-)LHC

“... continuing studies of new physics should be pursued
using the LHC and its upgrades.” o

» Future HE project in Japan is the ILC

“... construction of the International Linear
Collider with a collision energy of 250 GeV should
start in Japan immediately without delay so as to
guide the .... through the research of the Higgs

particle .. RREEERH 2 EBRELT#EIL (Lo

Final Report by the Committee on Future Projects in High Energy Physics, September 2017
http://www.jahep.org/files/20170906-en.pdf
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2020.08.02 ICFA announces a new phase towards preparation for the International
Linear Collider. ICFA approved the formation of the ILC International Development
Team as the first step towards the preparatory phase of the ILC project, with a
mandate to make preparations for the ILC Pre-Lab in Japan.

2020.08.31 Snowmass2021 LOI "Update of the Japanese Strategy for Particle Physics”

2020.10.28 The ILC Steering Panel was established by the Japan High Energy Physics
Committee (HEPC) of the Japan Association of High Energy Physicists (JAHEP). “Leading
the high energy physics community in Japan toward a timely realization of the ILC”

" 2021.01.16 The JAHEP ILC Steering Panel released a report "Recent Progress Towards
' the Realization of the ILC in Japan: Cooperative Efforts by Academia, Industry, and
Local Region".

R g

2021.06.02 The ILC International Development Team has released "ILC Preparatory
Laboratory proposal”. http://www.jahep.org/files/input_JapanHEPC 20191213.pdf
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United States E[H
Landscapes and national roadmaps

InnovaﬁonSWW‘ o \ 'i NG
N T
N, doping O —
High Q RF N N ; 3(;)%:) 3:’» Fermilab
&)1
BELLA group

Berkeley Lab
laser-plasma

accelerators

( E%i‘l‘ﬁ )uting - quantum support vector

machine (QSVM), detects Higgs bosons at the LHC. quantum algorithm for the parton
The algorithm run both on quantum simulators and shower by LBNL theorist
on physical quantum hardware (on Google PhysRevlett.126.062001

Tensorflow Quantum, IBM Quantum and Amazon
Braket, ~20 qubits and a 5K-event dataset,) 1126
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20194E5H17H, 7EPAEEZF Granada
W, HAKEKSEW =W | HEREZ S
NEEPL (ILC) LTA/EH, RiTHERz ILC International Development Team

\ Created by the ICFA for preparing the ILC Pre-lab proposal
FH 53 *-B--[’—l- J ° Unlike LCB/LCC, this is focused on the ILC
i ICFA
ILC-IDT

Executive Board
Andrew Lankford (UC Irvine): Americas Liaison
Shinichiro Michizono (KEK): Working group 2 Chair
Hitoshi Murayama (UC Berkeley/U. Tokyo): Working group 3 Chair
Tatsuya Nakada (EPFL): Executive Board Chair and Working group 1 Chair
Yasuhiro Okada (KEK): KEK Liaison
Steinar Stapnes (CERN): Europe Liaison
Geoffrey Taylor (U. Melbourne): Asia-Pacific Liaison

| Working group | 7 Working group 2 " Working group 3
~ Pre-lab set-up \/ Accelerator Physics & Detectors
A Xt v 6 TR X e [
— N I=
TAEZH
Klaus Desch, £ [& 7 L K57 o

Andrew J. Lankford, 3£ [E 1N K 2%

Kajari Mazumdar, E[J 32 55 55 0F 5T Py > ILCEBE. ks EH 5
Patricia McBride, £ [H 7% K [¥ 5K 525 A
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Collaboration: B4Rk &S 6E Nk 22 5 & 4k
Kk HERBR AR L H A1

Continued collaboration and coordination among Europe, US and Japan

Shared R&D on critical technologies (nano beam, design and components,...)
Close organization association and consultation, with funding agency involvement
Europe and US have strong roles in the ILC B BB 25, BREX
Cooperation with the FCC (ee,hh) group in key technologies

Push the field to find ways to probe the Universe and strive for discovery

) HERH TR - BRR AR 1% R
Geopolitical realities: BgsL

National interest and politics can get in the way, sometimes

Some HEP technologies may be restricted =10k 25 1 [E 35 22 i1 52 R&D A1) 357

Scientific exchange would be more challenging
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We believe that the case for big science enterprises, such
as a future particle collider, is strong. What are the options?
In a series of Comments we explore different projects: the
Circular Electron Positron Collider, the Compact Linear
Collider, the Future Circular Collider, the High-Luminosity
Large Hadron Collider, the International Li®ear Collider
and plasma wave accelerators.

It is too early to say which of these projects will go
ahead and whether they will reach their goals, but it
is clear that to discover new physics beyond the SM
we need to throw in everything we have: large-scale
high-energy particle accelerators, small-scale low-energy
experiments and astrophysical observations. In science
there is no final frontier, just many frontiers to unimag-
inable places. One ship at a time is not enough. We need
a fleet of ships to explore all those strange new worlds.
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