The Next Frontier in Particle Physics
From the LHC to the FCC

wéi > . (SN - : . : : - 2 _- , k5 ', . | » L R Z ' ¢ 1 . . . -' IA.- ' o \ » ‘“. . - "A' » : . \ g ‘m Tq 3 \ ‘ -°
Ty R S ¢ b SISER TR« , 1 TR LB o el SR Ry e
w Y

Autumn Beauty, Ueno Park and Tokyo
National Museum, 16.11.2025

Disclaimer: Focus on LHC and FCC ee and pp physics
( ’ Heavy lon Physics covered by Jacek

November 2025, University of Tokyo, ILANCE , Ny
UTOkYO Second International Conference one the Physics of the Two Infinities MAX-PLANCICINSTITUT




The Heart of the Two Infinities

=xploring At the heart of the two infinities are the
guenum - fundamental paradigms of natures at all scales! The need for new paradigms

* The nature of the Higgs boson, is it
composite? How does it interact with itself?

* Hierarchy of the fundamental interactions?

* Structure of the quantum theory of gravity and
what are the quantum properties of space-time?

* Why is the electric charge quantised and why
are the charges of the proton and the electron
equal*? Are there new symmetries at high

228 UL Explore lluminate energies that unify interactions?
the New the
Quant Paradigms Hidd . .
Reaim n Physice i » Hierarchy of fermions? What are the
Elucidate the Mysteries Search for Direct Evidence Determine the Nature fundamental properties of neutrinos?
of Neutrinos of New Parlicles of Dark Matter
Reveal the Secrets of Pursue Quantum Imprints Understand What Drives J Why IS the nucleon EDM so small? Strong CP.
the Higgs Boson of New Phenomena Cosmic Evolution

e Dominance of matter over anti-matter?

_ o * Nature of Dark Matter (DM) and the mysterious
The roadmap for Higgs factory as well as EW and HF precision Dark Energy?

Particle Physi
article FhysICS 10 Tev pcOM collider


https://www.usparticlephysics.org/2023-p5-report/index.html

A Scientific Mission for the 21st Century
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A Pivotal Moment for Particle Physics

Physics community called to make a strategic decision.

European Strategy Process well underway with principal
goal to decide on the next flagship CERN project.

A
We are here! < )}

Council appointment

ofthememberscfthe  Deadlineforthe Soe

PPG and decision submission of S posr}um
on the venue for the maininputfrom ymp

Open Symposium the community

End September2024 31 March 2025 23=27 June 2025

é? <L? X

December 2024 26 May 2025

Council dacision on Deadline for the

lhe venue fortlhe ESG  submission of additional

Strategy Drafting national inputin

Session advance cfthe Open
Symposium

Deadline forthe
submission of final Submission of the draft

national input in advance strategy documentto
of the ESG Strategy the Council

Drafting Session

End September 2025

Submission of
the "Briefing
Book” tothe ESG

14 November 2025 End January 2026

1-5December2025 Marchand June 2026

Discussion of the dreflt

ESG Strategy strategy document
Drafting by the Caouncil and
Session updating

of the Strategy

European Strategy

Update

263 inputs received!

Strategy Documents Link

Three principal considerations
(as requested by the ESG)

What is the preferred large-scale
post-LHC accelerator for CERN?

What is the preferred alternative, if
the preferred option is not feasible?

What is the preferred alternative, if the
preferred option would not be competitive?


https://indico.cern.ch/event/1439855/contributions/

Feasibility study report

arXiv:2S05.00272v1 [hep-ex) 25 Apr 2025
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The FCC integrated programme: a physics manifesto

Editors:
A. Blondel !, C. Grojean ?, P. Janot®, S. Rajagopalan,’, G. Wilkinson **

! LPNHE-CNRS/IN2P3, Sorbonne University, Paris, France
and DPNC, University of Geneva, Switzerland,
? Deutsches Elektronen-Synchrotron DESY, Hamburg and Humbolt-Universitiit zu Berlin, Germany,
% CERN, Switzerland, * Brookhaven Laboratory, USA, ® University of Oxford, UK

Physics manifesto!
Link

on behalf of the Physics, Experiments and Detectors pillar of the FCC Project,
including those who signed the FCC Feasibility Study Report, and those who
contributed to the FCC documents referenced herein
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Input for the 2026 update of the European Strategy for Particle Physics
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https://arxiv.org/pdf/2504.02634
https://indico.cern.ch/event/1534205/
https://cds.cern.ch/record/2944678

The LHC a Marvel of Technology

The Large | |
Hadron Collider: Unrivalled at Energy Frontier

a marvel of technology 13.6 TeV (COM energy)

Second edition
Incuding the discovery of the higgs boson

edited by Lyndon Evans Outstanding at Intensity Frontier

Record Luminosity* 2.4 x 10°* cim=2s~!
*Close to SuperKEKB at 5.1 x 10°* em=2s~!

Link

So far the LHC has delivered:

- 15 Million Higgs bosons produced

- 600 Million top quarks produced

- 15 Billion Z bosons with 300 Million per lepton flavour
- 60 Billion W bosons (3 billion per lepton flavour) ——— protons
- 300 Trillion b quarks (approximately 2 Trillion for LHCDb) -

—] LD

Still 10 times more statistics expected at HL-LHC!

FLINACA

More than 20 times more luminosity with the LHCb upgrade I


https://cds.cern.ch/record/2645935/files/Evans2018.pdf

LHC Operations

A
We are here! <« &

2025 - High availability operation,

M——— Full mastery of considerable
- ) inherent operational risks, record
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- The Run 2 dataset surpassed the initial goal (in luminosity) of the LHC project E b= ' 18
and is a clean and well calibrated dataset of ~140 fb~! at 13 TeV 0F / ER
o— | A ——— i
Most LHC results presented here are based on Run 2 data yan el A oct

Month in Year

- The Run 3 has ~320 fb~! at 13.6 TeV en route towards 0.5 ab™! (per experiment) | S
Even with the record luminosity in

. L _ _ 2024 need more than 20 running
- Approximately x10 Luminosity at HL-LHC (in terms of results x20). Requires years to achieve HL-LHC luminosity!

major upgrades leading to the High Luminosity during LS3 now on the horizon!



The LHC Run 2 Physics Program

CMS Phys. Rep. Link

The Stairway to heaven

ATLAS Phys. Rep. Link

SUER o KB L3 T LS Forward to the collection
' Stairway to discovery: cross section measurements

. Climbing to the Top Review of top quark mass measurements

High density QCD

Searches for Higgs decays of heavy resonances

. Electroweak, QCD and flavour physics
. Characterising the Hihggs boson

. Exotic Jungle Beyond the Standard Model Dark sector searches

. Additional scalars and exotic decays Vector like quarks, leptons and heavy neutral leptons

N~ o oA W N -
© N O Ok~ 0 b=

. The quest to discover supersymmetry Searches through data scouting

A collection of 14 Physics Reports - an overview of the LHC Run 2 results
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https://www.sciencedirect.com/journal/physics-reports/vol/1116/suppl/C
https://www.sciencedirect.com/journal/physics-reports/vol/1115/suppl/C

The FCC-ee in a nutshell

Future collider projects covered by Nicolas and Taikan

v "f!"' . "'*'*}"' ‘,4 ‘
FCC-ee at 1ntenslty frontler

Ultimate Precision and discovery potential
Goal Luminosity 144 X 10°* cm2s~1

One LEP1 every few minutes !!!
At the Z peak (per IP) - 4 IPs

Z, WW, ZH and ¢t COM energies
Continuous beams
No Pile Up ~21 TWh / 15.yrs

15 Years of operations Yearly energy(

consumption
1.2-1.9 TWh

Targets to deliver

- 3 Million Higgs bosons
- 2 Million top quarks

——CDR baseline runs (4IPs)
- Additional apportunities

ya WW ZH tt ntoorated
- 240 Million WW events o 4 125 40 30 19.2 5 10.8 0.4 27 lur:lirt:t_)‘l;ﬂv

12 ' + + + l_lj_Y_\ | g

- 6 X 10 L bOSOﬂS 0 - 60 3'3 91.2 9l4 125 157.5 - 1825 217 240 340 ... 350 365 ﬁg:%y

In terms of B hadrons ~current LHCb statistic ac ’-';’53;“’* L I R opEWoomnes

\ . . . precision auodr Yukawa as e e ozr e ll-m%%:;gzo'tzr::ug;r:edl i ics“

also 10 times the Belle |l design statistics tudies - rare decays o (o Vo o i
010 ol108) ORx109 Ci2x108) g

(4 IPs)

All these events in a much cleaner environment! . oerer . ]
“Quasi-total flexibilitvy in the order of operation for all runnina



The FCC-hh in a nutshell

A T .. FCC-hh
FCC hh atEner gy F ron tlel" Ultimate Energy Frontier
85 TeV (baseline COM energy)

Target luminosity 20ab ™!

14 T Nb3Sn magnets

Luminosity 30 X 10°* cm™2s~! - 4 IPs
i b = - P o = — PU / bunch crossing up to 1000!

ToN Y e"e.rgy( : e e | Stored energy/beam 6.5 GJ (compared to
consumption

2.0 -2.5 TWh A ol ~ 0.7 GJ at HL-LHC

| ' R e 25 Years of operations

Yearly electrical energy consumption
Except for very specific cases Magnet temperature 1.9 K <2.5 TWh

e oF Bt o L the FCC-hh 85 TeV with 4o K <20 TWh
- Over lion RIggs bosons more luminosity has a

- 1 Billion ttH similar reach as the 100 TeV
- 36 Million HH ... also an ion collider and possible
forward physics facility

Targets to deliver
extraordinary statistics

Major achievement!



Other Possibilities at CERN that can start ~2045

Therefore does not include Muon collider - Focus on FCC-hh as next-stage collider

CLIC -22T1wh LCF with ILC SRF technology -~26 Twh

DRIVE BEAMS
s proside e 5F poece 100D
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oy 11 km 3-8 ab'at 250 - 550 GeV
380 GeV (11.4 km - 2IP) - 1.5 TeV (29.6 km - 11P) cenralregion
L~22-3.7x10%cm?s™ perIP octon
11 kKm
. B 2km Yearly energy consumption
Yearly energy consumption 0.9 - 1.4 TWh (20 years) y 9y P

0.8 - 1.8 TWh (19 years)

“Intermediate” projects towards next collider

LH
LEP3 eC

He/Smoke extraction DN3S0 13800

camon g— e-p collisions at TeV
oowivg ___ MIEE LN e 50 GeV e- from 8.9 km ERL
. 7 TeV p from LHC
il L =2.3x10% cm?s
compeesesaronen (L2 Max 230 GeV. 2 IPs 1 ab™ over 5 years of operation
WaterfillingDN75

L~1.8x10* cm?s’
2.6 ab’atHZ
15 years of OP



New Frontiers in Higgs Physics

Higgs Physics at LHC covered in detail by Gustaaf, Andrei and Yves




Pillars of Higgs Physics at Colliders

All couplings of the Higgs boson to Standard Model particles (except itself)
known before the discovery of the Higgs boson! A very predictive model!

Four lepton events can have s/b of up to ~30!
v
H Zm%/ » | This term could
- T (j> #)[ not exist
v " without a vev
V ;
f
H f —
s Y. w4 L
U L% ( a (j Zl/vé o
f
H H H
/7 N y
H 7 3,2 7 3.2 y Proof of the existence of a condensate!
S H H / ( )
: Y g : A v v 7 Current
B SR Kwz | &%
H H H :




Pillars of Higgs Physics at Colliders

All couplings of the Higgs boson to Standard Model particles (except itself)
known before the discovery of the Higgs boson! A very predictive model!

v
H Zm%/ » | This term could
- - - = #}[ not exist
U ® without a vev
v

f

H m ¢ e

W Hildytigtbe
?
) H H H

H . Sm%] . O 3m%{

Bl R . xR Vi)

Most precisely known
Higgs coupling tells us
how elementary the

T Higgs boson is!
] H 1
omj, my, .
S| ...or what its

~ 0.32 am effective size is!

~ 1.6am

Comparing the Compton radius of the Higgs 1/my; to its
effective radius 1/f;; through the higher order operator:

C 1 o 2 2epv? 1
H H

(as comparing the mass of the pion to that of the p meson)

Current precision f;; > 1 TeV

The Higgs could well be a pNGB as the pion!
SILH Giudice, Grojean, Pomarol, Rattazzi (See paper)


https://inspirehep.net/literature/746568

Pillars of Higgs Physics at Colliders

All couplings of the Higgs boson to Standard Model particles (except itself)
known before the discovery of the Higgs boson! A very predictive model!

v
H Zm%/ » | This term could
- = = = #)[ not exist
U ® without a vev
v
< I

f
Hq 2
S e .
v Vi tip he
f
H H H
p \\ //
H 7 3TYL%{ N Sm%{
: {\ U /><\ V2 \/(¢)
AN / AN
\H H/ \H

Most precisely known
Higgs coupling tells us
how elementary the

T Higgs boson is!
] H 1
omj, my, .
S| ...or what its

~ 0.32 am effective size is!

~ 1.6am

Comparing the Compton radius of the Higgs 1/my; to its
effective radius 1/f;; through the higher order operator:

Current* HL-LHC* FCC (ee)
Kwz &% 1.6% 0.1%
*No BSM Br

15 times more precise!

Wil yieIde > 8 TeV
Nearly 50 x Higgs Compton radius!



Pillars of Higgs Physics at Colliders

All couplings of the Higgs boson to Standard Model particles (except itself)
known before the discovery of the Higgs boson! A very predictive model!

\Y Probing new particles through loops
H 2ms, , | This term could in production and decays!
. tD C#){ not exist
v 5 without a vev 7
V 8,7 Or
H - - - -
f
H mf ke ga 7
S ) . Y.. w4 L.
v . 13‘} %¢ ™
7 Current* | HL-LHC* FCC (ee)  FCC (ee/hh)
K 6% 1.8% 1.1% 0.3%
H H H 4
;7 . g K 7% 2.4% 0.5% 0.4%
H g Sm%{ ) N/ g Sm%{ \/ ( g
R ; X " ?) Kz, | 30% | 68%  43% 0.7%
AN / AN
N\ / N\

H H H Also yy* *No BSM Br



Pillars of Higgs Physics at Colliders

All couplings of the Higgs boson to Standard Model particles (except itself)
known before the discovery of the Higgs boson! A very predictive model!

N 92 - . Current” HL-LHC* FCC (ee) FCC (ee-hh)
H m - Is term cou
- UV t%#){ not exist Kt 11% 3.4% 3.1% 0.7%
. without a vev Kb 119% 3 6% ) 5% 0.5%
KT 8% 1.9% 0.5% 0.4%
f Kﬂ 20% 3.0% 3.3% 0.4%
I:I _ _ _ m —‘. v - L *No BSM Br
v T g | W\? g
f 20 times more precise!
H H H “LEP changed high-energy physics from a 10%
7 N / to a 1% science.” It was a major achievement!
N\ / .
H / Sm%{ o~ Sm%{ (H. Schopper CERN Courier)
I (
\ U / . \ 1}2 \/ ¢)
N 7 N What about the other fermion generations?


https://cerncourier.com/a/lessons-from-lep/

Pillars of Higgs Physics at Colliders

All couplings of the Higgs boson to Standard Model particles (except itself)

known before the discovery of the Higgs boson! A very predictive model! Spontaneous Symmetry Breaking
v
H Qm%/ tD - This term could R .
- #J{ not exist Y N “\)/
v " without a vev \’\-\ e ™
V e /
N /
::: \ » Imy /
! TS
. m " B
B gyt b | N
(Y, { Y|
— 2 2
7 V() = 120" 6+ Mo"0)
H H H
. 7 \ /
o , 3m2, NN 3m2, \/ ( In the Standard Model the self coupling
B \ v / X \ 12 ¢) Is fixed by the Higgs boson mass.
N\ / AN
N\ / AN
H H H




Pillars of Higgs Physics at Colliders

All couplings of the Higgs boson to Standard Model particles (except itself)

known before the discovery of the Higgs boson! A very predictive model! Early universe phase transition?
V
H Qm%/ J] , )2 |Thisterm could
2 D | not exist
U i without a vev
v
H m =
H H H Generation of stochastic background of gravitational waves
7 \ / ' ’
4 2 AN / 9 .."’
H 4 3m 20 N/ 3m 24 V ( In the SM EW transition is a cross over does not fulfil
-—---= X f02 ¢ ) requirements for baryogengesis, studying the Higgs
N N U p 7N N potential is an outstanding goal of the Higgs physics
\ / \ program
H H H




Pillars of Higgs Physics at Colliders

All couplings of the Higgs boson to Standard Model particles (except itself)

known before the discovery of the Higgs boson! A very predictive model! LHC Signatures in HH production

V e
5 , . ATLAS
H va L., 12 This term could EXPERIMENT
4 P not exist :
U without a vev
v
(¥
f 4b Candidate
y g N / ~1000 times smaller than Higgs production! Still more
7 y 3m2, e 7 3m2, ( i than 100k event will be produced at HL-LHC!
o < V()
h N v PAEEN v . Multiple channels investigated: depending on the
N / \ both Higgs decays considering (bb, yy, t7t~, WW
q o o) 99 y g (bb, yy )




Pillars of Higgs Physics at Colliders

All couplings of the Higgs boson to Standard Model particles (except itself) LHC bbyy result Run 2 - Run 3

. . , L ,
known before the discovery of the Higgs boson! A very predictive model. Similar sensitivity as Run 2 Combination

:: < 12_| | | I | | | I | | | I | | | I | | | I | | | I | | | I | | ]
V ; S | ATLAS Preliminary ---- Expected |,
: ' 1o vs=13/136TeV, 140/ 168 fb- — Observed [/
I —

2 -
H va (D ¢ {‘2 ThIS term COUld HH—>b5yy, Koy = 1 Observed

not exist gk 68% CL: kj, € [-0.4,5.1] -
U F , & i -

95% CL: K) € [-1.7,6.6]
I —]
V 6\ 68% CL: k) € [-0.6,54] [/  —
. - /] N

without a vev :\‘\\ Expected
95% CL: K, € [-1.8,6.9]

95% CL

Sensitivity: Mgy = 1.ot};3

J Observed: Huy = 0.9%]7 (stat) 108 (syst)
e \ / ' Run 2 Combination ~10 sensitivity to a signal
\ /
. / 3m2 . 3m?2 (Obs. ATLAS 0.46 and CMS ~10)
i H < UQH V(¢)
R v AN Run 3 close 2.5 ¢ with improvements (and as
h q H 4 h H much data as possible) aim at 30




Pillars of Higgs Physics at Colliders

All couplings of the Higgs boson to Standard Model particles (except itself)
: : . HL-LHC Projections
known before the discovery of the Higgs boson! A very predictive model!

ATLAS + CMS projections ESPPU 2026

Vs =14 TeV, 53, 3 ab™?! per experiment

This term could
not exist ;
without a vev 15

All other couplings fixed to SM
68% CL k5 €[0.74,1.29]

— Combination
—— bbttT
—— bbyy
—— bbbb

- Multilepton

bbil
f : 5P\

10}

gas
I
I
I
< <
DO
< |3
<: (\)
vl
-
T
-2 Alog(L)

H m -— ___\_\___\_‘ NN L e 68% CL
o _f (‘V ‘a K g//.¢ ~ L . %5 0.0 05 10 15 2.0 25 30 35
V ¢ (j \l | . K3
7 HH ~4.50 sensitivity/Exp 1299
"' 7.60 in combination! K10t _56%
H H H .
4 \ /
. 7 27,2 \ / 8.2 # FCC-ee (loop level) : 27% - 18% (combined w/ HL-LHC)
AN / o
-—---= H X 2H V (¢) ILC (500 - 1TeV) direct : 10% - 20% (depending on lumi)
N v RN v FCC-hh direct : 2-3%
N\ / AN - - eal
o H H 10 times more precise!




Pillars of Higgs Physics at Colliders

All couplings of the Higgs boson to Standard Model particles (except itself)
known before the discovery of the Higgs boson! A very predictive model! Models of Phase Transition

I (:D #)( not exist oL ==
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3 K
H H H
d \ /
g 2 \ / 2
P_I B ’ 3rmH ~o 7 3TnH V ( ¢ ) FCC will be decisive (also see that the most
N DV / X . 12 precisely known coupling is setting stringent limits)
N\ / N
N\ / AN
H H H




Making the Impossible - The Higgs Width

At the LHC : Higgs width via the Higgs as a propagator! FCC-ee
From J. Campbell B
¢ e - Z
- - - o
c \(‘\’
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Y ¥ — . Z 7 o
Z o+ VAVAWN H | 7
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« ‘ <
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| | | | | oleTe” = HZ) o K7, o(e’e _>HZ)4
10000 Lgg (— H) - W—W = fughvy, My=125GeV g K
| pp, /s = 8TeV, standard cuts cgg B (H — ZZ*) X —Z
= 100 | —— |H|*+|cont|? - ATLAS Result 'y
& ! — ‘H+cont| x
— . —_— offshell — + - imulation s = . -1
é. L - i HZWA } FH - 4 3_1 9 MeV 12} 3000?9?[??1811{51111]Hr[r‘rsr[rzﬁrolc;lrey]’I‘lPTB]laIbI—
= ' ' = i IDEA detector B .
S 001 ¢ M\ TR —— Z{uu)H - Access to the ZH total cross section
3 N — 2500 = ww - through the recoil mass!
00001 Kauer-Passarino - CMS Result - B 2z - J
le-06 \‘ Caola-Menik | 74 - T 2y s, v |
S aola-Menikov 1 _ 2 n+2. 2000 B Rare (e(e)Z, yy = ww 7).
regs e — | Fh = 3'2—1-7 MeV : - AF — O 78 7
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Evidence for Off-Shell production at 1000~ . 30 times more precise!
more than 3o both experiments — E ]
500 et Very important precise estimate
| _
11 - 1 to access absolute couplings!
o | I | I L 11 I 111 I | . | | ) l 1 1 : ™ r! e
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https://arxiv.org/pdf/1307.4935
https://inspirehep.net/literature/1119059

Making the Impossible - the Charm Yukawa

Particular success in flavour tagging

Ll .7 2o T - T T ] ]
2eslr i O; ATLAS Simulation Preliminary +2500
sof VS =13 TeV G2
g SerSy - tEjets, £, = 70%
FIad“E ey

“Topping up the charming the Higgs” at the LHC? Link
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¢ Observed 68% expected
- Median expected 95% expectied

138 fb™' (13 TeV)

|

Combined
Exp. 5.6 i *
Obs. 6.3 i

ttH(H-cc) :
Exp. 8.7
Obs. 7.8 i

VH(H-cc) ,
Exp. 7.6 : ?
Obs. 14 :

. 1 ., . . H o e alls l .
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
95% CL upper limit on Py e

At the FCC-ee Kc ~0.9%

VH only precision on k. of ~40% per experiment at HL-LHC

New perspective at the LHC! 40 times more precise!



https://cms.cern/news/topping-charming-higgs

Beyond the Impossible

Extremely challenging e-Yukawa requires

1.- Very high luminosity o(ee — H) = 1.6 fb
2.- monochromatization (Beam spread ~ 100 MeV)

- Requires a prior knowledge of the Higgs boson mass of
~couple of MeV at most!

- Efrg);sgread: ,//\\ et . g E, + AE > < E, - AE
0.5 5=4.1MeV [\ Yo
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w02 P ~7 e spatial position and energy.
§ 7 \\.. T~
01 - / I g
:,;'._—r-"-l‘-’-/-’ T o | L.
0792499 124995 125 125005 125.01
's (GeV)

First studies indicate a sensitivity of 0.4¢ for
a year in one detector

Strange Yukawa coupling
- DL tagging algorithm

- PID is essential (using number of ionisation clusters per
unit length (dN/dx) in IDEA drift chamber or TOF)

FCC-ee Simulation (IDEA)
3 1 : | | ] I 1 I 1 l 1 ] l I I | ! 1 ]
5 [ ee-zHH-I ‘ : :
Q " j=ud,s¢cbg §
O i f i}
o 10
O - -
D - s
= i i
D | =
QL
1072 = E
i —— dN/dx + lg.o.t (0,=30 ps)_
—— dN/dx + t:0.f (5,=3 ps)
. /- e ideal PIDi
107, 0.2 0.4 0.6 0.8 1

jet tagging efficiency

First studies indicate a sensitivity of
~100% on strange Yukawa

Kaon PID and Strange tagging can also be used for HF
measurements or top e.g. V.. from rare t = Wi decay



Ultimate Precision from the LHC to FCC

EWK measurements at LHC covered in detail by Gustaaf, Andrei and Yves

Flavor physics at LHCb covered by Serguey, ATLAS and CMS by Sally and Riccardo and at Belle Il (super
KEK B) by Yuji (detectors) and Michele.

APred. ~ 7 MeV AMeas. ~ 10 MeV APred. ~ 1.5 X 1074 AMeas. ~7 x 107 APred. ~1.3% AMeas. ~0.2%

B i, s B Precision EW fits have (and have

[ SM fit w/o m, and M,, heasurements

4 it wio meas. gensitfée to sim'(E],) and M, mi:a. 1 _ - -
il e 0 B8 : +@- min world average [ariv:1403.4427] had) a huge predlctlve power: top

=0~ LEP/SLD [Phys. Fgpeiiay, 257 (2006)) i : HEH mki" DO measuremen t [4rXiv:1405.1756]

FO- mp®* from Tevatron o,, [arXiv:1207.0980] mass , th e H | g g S bOSO N Mass y as

" m® from CMS o, [arXi¥:1307.1907v3]

e TAS oy e well as to some extent the absence
of BSM physics at the LHC!

0.2314 0.2316 0.2318
s 2ml
sin“(8,)




LHC Outstanding Achievements in Precision

- 2 . .
Measurements of sin” &y, The least known coupling in the SM a
Measuring the fully differential pp — Z — ,u+,u_ Cross Inclusive Z transverse momentum
section yields the weak mixing angle (mainly through A
y g angle (mainly gh App) doy  as(p). My
SM 0.23155 = 0.00004 d 11’1 - a
LEP Aa [ —" S 0.23099 = 0.00053 O, dp_|_ 27Tp_|_ D1
LEP P, B | 0.23159+ 0.00041 .
LEP A | - | 023221+ 0.00029 Using Sudakof peak in pT, based on ‘E - op o 2.8Te
SLD A — e e I _ | 929086 2000025 resummed Calculations i 50;
CDF 1.96 TeV P 0.23221+ 0.00046 s [ -
DO1.96TeV | — " | 0.23095 = 0.00040 S . ' “oar 02T
ATLAS 7 Tev [ ......................... O ........................ ............ — 0.23080 = 0.00120 s;:_lzﬁlary :E;tt?g:x‘v'::':;ﬁf&?gos:m 20_ 3 q’(mz)_o.mg ...........
LHCb 748 Tev| : = | 0.23142 £ 0.00106 Tk forag PO s r —— L
CMS 8 TeV : .......... G ............................................................. : D-ESIEE 000059 ATLAS ATEEC | 0.1185 + 0.0021 iy 12 R —
CMS13 TeV . = y . 0.23157 = 0.00031 CMS jots ) 01170 £ 0,001 € B e
0229 023 0.231 0232 0233 0234 W, Zinclusive —+o— 0.1188 £ 0.0016 og———"" T ekt
sin%e! finctusve | T - 017700004 : i N o (GeY).
< decays - — 0.1178 £ 0.0019 T
Do ATLAS CMS LHCb W.A. (w/o LHC) oo setes . e 1 0000
Fecision ¢'e’ jets and shapes 4 0.1171 + 0.0031 (0] T-X
0.16%  0.13% 0.21% 0.07% sl — 0.1208 1 0.0028 _ 09 /o PF?CISIOH on par
. . ) i‘iﬁ;v;;a;;:::::::::::::::::::ﬁ::::::::::3?5:3:3?:3:?3'5?: with lattice QCD and
Precision approaching that of LEP A, and SLD A; 5 ATLAS Zp, 8Tov . 0v1g-5“8“°-<§gg( 9 world average!
At FCC-ee At FCC-ee From R%, T2, O'l?ad syst
. — pip i . . i
Precision 0.0007% (7 X 1079 From A7 (Syst dominated Precision 0.1% (0.01% stat) dominated by TH
by beam energy calibration) o
200 times more precise! 10 times more precise! | I',,q = 'had, noQcD (1 | 7: | )




W Mass - Measurements and Puzzle

Measurement
significantly different
from ATLAS (low PU),
was done with Run 2
2016 data with
sizeable PU, using
the muon pT only.

CMS on par with
current most
precise
measurement
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CMS Measurements
of W mass
CMS briefing

Also in ATLAS and LHCDb
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PRD 110 (2024) 030001 |

LEP combination 80376 + 33
Phys. Rep. 532 (2013) 119

DO 80375 + 23
PRL 108 (2012) 151804 *

CDF
Science 376 (2022) 6589

LHCDb
JHEP 01 (2022) 036

ATLAS

arXiv:2403.15085

CMS

This work
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Large experimental tension between the CDF measurement

and other measurements.

The tension between LHC and CDF W mass is in
excess of 40 Significant evidence of measurement

systematic bias!

At FCC-ee
Precision 240 keV

40 times more precise!

From WW threshold stat and
syst on par (syst dominated by
beam energy)


https://cms.cern/news/cms-delivers-best-precision-measurement-w-boson-mass-lhc

Z Mass Measurements at the LHC

Z mass from di-muon mass by CMS

L _ | | Most precise individual direct top mass measurement
Calibration using J/Psi and Upsilon

- 1'2”‘126“55'; 28 fo (13 TeV) Powerful validation - 45?5'10'3| e 3'6.'3-2;;13:@_)
s t Dat ) - CMS E )
S of -7y - gg;eemﬂfnnscale S ;‘gg“iets =i unmated égﬂ[?%ult'jelé Measurement on partial
€ 8l XZ/"C”: 25.1/25 - - 3 ;./-}gUnoertainty — Diboson | _ "
:>j 06:_ (p=45%) and thus the W mass % 30; ey _ Run 2 dataset N the
measurement. g 25 Pogt >02 : lepton-jets topology.
0.4f L 20} 1) :
0.2 :
PD ; —_
ool eentl m?‘_mz G _ | mtop—l71.77 + 0.37 GeV
8101 = mysa8Mev Model tne. o5 I
- | —22+48MeV 2 g Many more top
a | 1 o _ _ T OBL e e mass measurements
60 70 80 90 100 110 120 Systematlc uncertainty - 100 200 300 400
My, (GeV) m" [GeV]
At FCC-ee LHC combination

Precisi
SESION 100 keV (4 keV stat) Mgy = 172.52 £ 0.14 (stat) = 0.30 (syst) GeV
From Z line shape entirely

dominated by beam energy syst. Also slight tension with Tevatron measurements

Beam energy with resonant depolarisation is key! 174.34 + 0.37 ( Stat) + (.52 ( Syst)

20 times more precise w.r.t. LEP!




EW Fit and Bottleneck o, (11,)

At ECC-ce a . at low energy is very precisely known:
Precision 4.2 MeV (stat) and 4.9 MeV (syst) !! o = 1/137.035999679(94) 10™
From Ztt threshold, QCD uncertainties are dominant Electron magnetic moment and quantum Hall effect
50x improvement w.r.t. LHC Extrapolation at mZ degrades to 10~* bottleneck for Tera Z

¢ el ) - 2pell
S(sin®0;) /sin’e5) x 10°

178 68% prob. regions from EW fit 8 6 -4 -2 0 2 4 6 8
i o R
= - : - - Il R--,.- <6 _ —_
176} “ HL-LHC+LCFz250/350 =y ole~et = e () + X)
> HL-LHC+FCC-ee St | b -
; Dil'ect determination :23 E - COII]billélt-i()ll E 'd 9 E O.(e e+ _> e+(9) Bl X)
X ’ -
o 174 M&“s’ 2024_m:=DG, 2025 X lo 7 |
9, " "+ HL=LHC I_ng ] Ly -’l-_z S|mp|e Obsel‘vab|e
E 479 & LCFzzsps x ' | 5 _ = sensitive to diffs.
FCC-ee il , a Photon and Z pole
M. Riembau - -
10/ (ink) B
170 ] First idea to take Aﬁg off peak

a0 —10 0 10 20 (P. Janot, 2016)
§(sin®0:F) x 10°

80.33 80.34 80.35 80.36 80.37 80.38 80.39

- . _5'
My, [GeV] Precision below 107!

No longer a bottleneck, if statistical precision achieved.


https://arxiv.org/pdf/2501.05508

ete~ Ultimate Precision Machine!!

Observable present FCC-ee FCC-ee Comment and
value + uncertainty Stat. Syst. leading uncertainty
myz (keV) 01187600 2000 4 100 From Z line shape scan Observable present . FCC-ee FCC-ee Comment and
Beam energy calibration value + uncertainty Stat. leading uncertainty
'z (keV) 2495500 2300 4 12 From Z line shape scan 7 lifetime (fs) 2903 + ISR, 7 mass
Beam energy calibration 7 mass (MeV) 1776.93 =+ estimator bias, ISR, FSR
-2 peff 6 ' By
sin” By (x10°) 231,480 160 12 12 b o Aps alt,E P:}ak 7 leptonic (wy,v) BR (%)  17.38 = 0.00007 PID, 7" efficiency
eam energy calibration
, : o mw (MeV) 80360.2 4+ From W'W threshold scan
1/agen(mz) (x10%) 128952 14 z: srr;all l;rom ‘:14%% off pei Beam energy calibration
. toe QED SEW oncar o et & Tw (MeV) 2085 =+ From WW threshold scan
: Beam energy calibration
RZ (x10° 20767 25 0.05 0.05  Ratio of hadrons to leptons . . W W
e ( ) Acceptance for legtons ag(mdy) (x10%) 1010 =+ Combined R, , Iy, fit
o2 4 : Z 17 0o N, (x10%) 2920 + Ratio of invis. to leptonic
as(my) (x107%) 1196 30 0.1 1 Combined R, T, 04 fit 0 radiative Z roturns
o4 (x10%) (nb) 41480.2 32.5 0.03 0.8 Peak hadronic cross section T , ,
e Luminosity measurement ~"or (MeV) 172570 * Prom tt threshold scan
3 : -
Ny(x10°) 2996.3 7.4 0.09 0.12 . Z peak cross secuons; Ly (MeV) 1420 + From LT threshold scan
uminosity measuremen QCD uncert. dominate
Ry, (x10°) 216290 660 0.25 0.3 Ratio of bb to hadrons Atop/ ASM 12+ From tE threshold scan
A,‘i,;o (x10%) 992 16 0.04 0.04 b-quark asymmetry at Z pole QCD uncert. dominate
From jet charge ttZ couplings +- 0.5-1.5 % small From /s = 365 GeV run
APRLT (x10%) 1498 49 0.07 0.2 7 polarisation asymmetry
T decay physics

FCC-ee is much, much more

than a Higgs factory!

Superb precision achieved and

uncertainties are dominated by

systematic uncertainties!

- Up to x30-100 improvement on Higgs observables

- x50-2000" Improvement on all EW observables

*In the case of Rb!



Beyond EW Fit - Sensitivity to Heavy New Physics

(6) Using an effective description of general extensions of
(6) the Standard Model, with a complete description in terms
Lsverr = Lsm + Z O of possible new states (famous Granada dictionary)!

Allwicher, McCullough, Renner Link

M Universal couplings B Third-gen. only W Flavourless couplings B Universal couplings  # Third-gen. only  m Other
tree-level  one-loop (LL RGE) - tree-level  one-loop
50 TeV : Zz 950 TeV (LL RGE)
27 e
40 +
. 30}
= Z
- = : Z
20 -
I I 1 i I \
0
B B W W, L B Bi*}W(*) G G H Ly Q1 Q5 Uy Us X V1 Vs D E Q. Qs Q- T, U Ay Ay O3 Q() Q(*) 7>

Q1 couples only

Vector bosons Fermions to right-handed top quarks


https://arxiv.org/pdf/2408.03992

Precision Heavy Flavour Physics and Rare Decays

LHCb underwent a major upgrade during LS2 and
plans an upgrade for LS4 (in 2034)

LHCDb highlights: The most precise measurement of the CKM angle S,

excellent measurements of y, best measurement of qbs in Bs decays, CPV
in baryonic decays and with charm mesons, and Vub/Vcb.
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LFU : Recent Belle Il RD* measurement!
Both TH and EXP clean!
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Still tension at the ~3.30 level



Precision Heavy Flavour Physics and Rare Decays

35

FCC-ee combines the advantages of the LHCb (6) Higgs couplings are not universal, new physics
(pp — bbX) and Belle Il (ete™ — Y (4s) — bb) + Z C; O.(6) N solving Higgs issues likely not to be universal!
. _A2 ; e
l

Non universal couplings vield w deaker

Attribute Y(4S) pp Z constraints, still x10 improvement!
All hadron species v v
High boost v ooV mFlavor mEW © EW (FCCee) m Collider
Enormous production cross-section v <«— But enormous o
Negligible trigger losses v v Lumi HD Yuk. Hy S Dip. {u S 0y (¢ fedy
. o N\
High geometrical acceptance v v § 3 3
Low backgrounds v v 81 SR § S
. N : \ N\
Flavour-tagging power Ve v NN N \ 3
.. ] \ \ A N
Initial-energy constraint v (v) 6l NR R \ ¢\
\ \ A \
: : = NN NI \ N
Particle species BY BT BY A, Bf cc 17" PR NN R \ X \
$ b C N Y ) Y N R \ \ \
: Now N Y N Y N E \ \ \
Yield (x10%) 370 370 90 80 2 720 200 NN NN R R N
I ENENENINENENER R R R
. . . . RN R B R ' - N S N 8 N T -
... and of course clean environment with high tagging power and NN I i I \ E i i i |I N \ §} NER
. . LN \ N
~10 times more bb and cc pairs than the total collected by Belle II! o LL I | j l |\ NI LLtl
ATxTreT T W T »302ebe® T T T T T T T T T T 3 3 T T
T T S tessas S TS 2 8 E 5 2 R E B B E3E:EsS337
. | . N R N S 1S A
- Will yield ultimate precision on CKM measurements PR R e R e

- In general formidable CP-violating observables in b- and c-

hadron decays involving neutral particles in the final states FCC-hh From first considerations an LHCb-like detector and
HF physics program should be possible at FCC-hh



Direct Searches for New Physics

BSM physics covered by Keti and Valerio




Very Large Number of SUSY Searches

In large variety of topologies and models

. 1
[ |
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Very Large Number of SUSY Searches

In large variety of topologies and models
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Very Large Number of SUSY Searches

(in large variety of topologies and models)
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Projections at a Future Hadron Collider

To go above the 10 TeV scale SUSY will require a 10 TeV Parton COM energy
machine e.g. future hadron collider (100 TeV).

All Colliders: Top squark projections N\
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(R-parity conserving SUSY, prompt searches) ' ' . - . .
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Reaching SUSY from its extended Higgs sector

The MSSM Higgs sector at tree level is governed by

only two parameters (mA and tan /).
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[ gg/bb H/A, HA — T
139 fb™
Phys. Rev. Lett. 125 (2020) 051801
[ tb)H', H — 1v,36.1 b
JHEP 09 (2018) 139
[ b(b) H/A, H/A — bb
27.8 fb”
Phys. Rev. D 102 (2020) 032004
[ H - ZZ - 4livy, 139 fb’!
Eur. Phys. J. C 81 (2021) 332
[ ] A—>2Zh h—bb, 139 fb"
JHEP 06 (2023) 016
t(o) H', H - tb, 139 fb™!
JHEP 06 (2021) 145
0 H— WW — Iviv, 139 fbo”
ATLAS-CONF-2022-066

I H — hh — 4b/bbyy/bbtr

126 - 139 fo
arXiv:2311.15956

=== h couplings [k, &, k4]
36.1-139 fb™
arXiv:2402.05742

[ ttH/A, H/A — tt, 139 fb
ATLAS-CONF-2024-002

] gg H/A, H/A - tt, 140 fb™
arxiv:2404.18986

2000

hMSSM: trade the value Mh = 125 GeV against the radiative corrections where
the Higgs mass is used as proxy for the leading stop sector corrections.

[Maiani, Polosa, Djouadi et al. link]

SUSY could modify the couplings of the Higgs

From the combination of all Higgs coupling measurements
channels presented, mostly from constraints on up versus
down Yukawa and coupling to vector bosons.

Direct searches for additional Higgs bosons
(neutral and charged) have been performed:

- Neutral heavy Higgs to tau tau

- Charged Higgs to tau neutrino

- Heavy neutral Higgs to ZZ

- Charged Higgs to tb

- Heavy neutral Higgs to ZH

- Heavy Higgs boson to HH

- Heavy Pseudo Scalar in tt resonance


https://arxiv.org/pdf/1307.5205
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Reaching SUSY from its extended Higgs sector

The MSSM Higgs sector at tree level is governed by

only two parameters (mA and tan /).

SUSY could modify the couplings of the Higgs
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Interesting surprises in the intricate search for

resonances

Interesting feature appears at threshold
(challenging for reconstruction)

Result confirmed by ATLAS and
presented at EPS 2025 in Marseille
(see briefing)

A colour-singlet quasi-bound
(pseudo scalar-like) tt states (not
a quarkonium-like bound state
with self-annihilation as the top
decays before) - subtle effect of
the strong interaction predicted in
non relativistic QCD models.

leasurements
ONn up versus

bosons
formed:



https://arxiv.org/pdf/1307.5205
https://atlas.cern/Updates/Press-Statement/Quasi-Bound-Tops

Broad Overview

J V i = | Simplified Models
E— — I AT LAS A wealth searches for DM at the LHC:

y ‘\ EXPERIMENT
ey - Mono-jet, mono-V (leptonic and hadronic),

Mono-Higgs (various modes), Mono-
photon, Mono-top

VBF-like signatures

Associated production-like signatures

Savvy searches for DM mediator

Vast number of topologies and creative
solutions to search the low mass region
(e.g. using trigger level analyses)

Dark Sector portals

- Dark Scalar
- Dark Pseudo-scalar
- Dark Vector
Heavy Neutral Lepton

Simplified Models

Run: 302393
Event: 738941529
2016-06-20 07:26:47
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Broad Overview
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Dark Sector, Intensity Frontier and Meson Factories

Gaps in the experimental exploration of New Physics possibilities, both at the electroweak-TeV scale and at the
sub-GeV scale, addressed by unconventional event signatures.
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The FCC program will further complete this difficult exploratory territory!



Searches for High Mass New Resonances
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Searches for High Mass New Resonances
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Searches for High Mass New Resonances
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Searches for High Mass New Resonances
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Still Room for Discoveries at LHC?

At HL-LHC still a factor of 10 (effectively 20) in luminosity

Up to ~500 GeV improvement Up to ~1 TeV improvement

9 _ Still room for discoveries? Depends on analysis purity (s/b)
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Performance can be improved!
- New ideas and developments (e.g. ML techniques).

Still nearly up to 2 TeV of Exploration (exclusion)!! - Improving precision and ancillary measurement!



Conclusions

The current CERN flagship LHC program is extremely broad, surpassed its initial design luminosity
and in all areas of its program has delivered much more than the original expectations!

With LS3 on the horizon, the LHC community is focussed on upgrades for HL-LHC.

The FCC-ee is much more than a Higgs factory, will improve the precision on the electroweak sector by
at least one to two orders of magnitude. It will explore new physics up to the O(100) TeV scale
Indirectly and has outstanding possibilities for direct searches at the intensity frontier.

Beyond 10 TeV pCOM collider - the FCC-hh (85 TeV) will explore directly new physics at up to O(50) TeV
and synergistically complement the measurements of FCC-ee and HL-LHC in the Higgs sector.

Pivotal moment for the future of High Energy Collider Physics!

After the LHC, the FCC is the most ambitious and the perfect flagship project for CERN!







Lepton Flavour Universality

* |
Recent Belle Il RD* measurement! Large number of channels investigated

Both TH and EXP clean!
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Introduction

Two main outcomes of the LHC: The discovery of the Higgs boson and nothing else (so far)!

Standard Model: formidably simple (gauge) fundamental theory for phenomena at microscopic, astronomical, and cosmic scales!

Simplicity, governed by symmetries Not governed by symmetries and 22
only 2 (EW) and 2 (QCD) parameters! parameters set by “hand” of experiments!
C:-
HV - L]
= 1 i’(‘ = 3 J V?é MR L
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Outstanding open and fundamental questions

* What is the nature of the Higgs boson? Is it a composite particle? How does it interact with itself?
 Why is there such a large discrepancy in the strength of the fundamental forces?
 What is the structure of the quantum theory of gravity and what are the quantum properties of space-time?

 Why is the electric charge quantised and why are the charges of the proton and the electron equal*? Are
there new symmetries at high energies that unify the three forces of the Standard Model?

 What is the reason for the large flavour mass hierarchy? What are the fundamental properties of neutrinos?
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Two main outcomes of the LHC: The discovery of the Higgs boson and nothing else (so far)!

Standard Model: formidably simple (gauge) fundamental theory for phenomena at microscopic, astronomical, and cosmic scales!

Simplicity, governed by symmetries Not governed by symmetries and 22
only 2 (EW) and 2 (QCD) parameters! parameters set by “hand” of experiments!
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Outstanding puzzling observations

» What is the origin of the observed dominance of matter over anti-matter in the universe?
* Why is the nucleon electric dipole moment so small?

- What is the nature of Dark Matter (DM) and the mysterious Dark Energy?

?



The Importance of Theory and Modelling

Half a century of progress in Higgs production predictions
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ability to compute accurate and precise predictions! S Acts, G, Passarino, C. Sturm, 8. Uociratl | E
avindran, Smith van Nearvon :

N°LO - NLO EW | 2016
C. Anastasiou et al. .
Precision at the LHC would not be possible without the E
. . ATLAS Collaboration Run 2 :

efforts of precise TH and modelling. Nature 607, 2250 (2022) o T 2022

CMS Collaboration Run 2 i-

Predictions for m,= 125 GeV Nature 607, 60-68 (2022) :

Current State-Of-the-art (pp % H + X) ] ] I ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] I: | ] ] ] ]
10 20 30 40 50 6

‘ . G qor (PP — H+X) [pb]
Ecowm o d(theory) 6(PDF) §(cvs)
13 TeV  48.61 pb '5720p (*‘%"‘7?’) +0.89pb (4 1.85%) 1-24rb (ﬂ-’é?%)
S b ) ~t26ph {Z2.02% Room for improvement also in PDFs and q,

Stil linear sum of: using LHC data and/or future ep collider.

Missing beyond N3LO and EW,; finite quark masses beyond NLO;
mismatch in perturbative order of PDFs.



Context and Feasibility

CERNCOURIER g
high-energy physics

FCC Council review (last week) - CERN Press Release

POLICY | NEWS The independent expert committees stated that, based on the
CEPC matures, but approval is on hold documentation presented, the FCC appears technically

20 Octoher 2025 . . . . o
feasible, no showstoppers having been identified so far.
In October, the Circular Electron-Positron

Collider (CEPC) study group completed its
full suite of technical design reports,

The Council concluded that the Feasibility Study provides

marking a key step for China’s Higgs-

factory proposal. However, CEPC will not be the basis fOI' the EFCC studies to continue and that the
considered for inclusion in China’s next funding scenarios presented and the financial pledges
five-year plan (2026-2030). obtained so far provide the basis for the continuation of
“Although our proposal that CEPC be the work towards securing the full financial commitments
included in the next five-year plan was not required for approva] of the FCC pr()ject.

Mature design The CEPC Study Group has successful, THEP will continue this effort,

ﬁc':hl;?; QIZ:O:"(“JCZ‘;:'EEP?’;T;}r(:;:;up 202 which an international collaboration has

arXiv:2510.05260 developed for the past 10 vears,” says study
leader Wang Yifang, of the Institute of High A deCiSiOH by the CERN Council on the pOSSible

Energy Physics (IHEP) in Beijing. “We plan to submit CEPC for consideration again in

construction of the FCC is expected around 2028.

2030, unless ['CC is officially approved before then, in which case we will seek to join
FCC, and give up CEPC.”

Link



https://cerncourier.com/a/cepc-matures-but-approval-is-on-hold/

Briefing Book Main Parameters

Main parameters

CLIC FCC-ee LCF LEP3
LP FP

c.o.m. energy [GeV| 380 550 1500 91.2 160 240 250 91.2 250 550 91.2 160 230
Circumference/length collider tunnel [km] 12.1 15 29.6 90.7 33.5 27.6
Number of experiments (IPs) 2 2 1 2 2
SR power/beam [MW] — — 50
Longitudinal polarisation (e~ /&™) [%] 1+80/0 180/ +30 +80 / +60 0/0°
Number of years of operation (total) 10 N/A 10 5 5 1 3 10 5 4 6
Nominal years of operation (f:quivalent)b 8 N/A 9 4.5 3 1 3 9 5 4 6
iﬁj:‘(‘;‘g?‘\‘;;‘(‘;‘::{)’i‘% 3&"; lfi 2 1) 13(22) 1632 14(3.7) 14 | 1135 | 028(028) 27  225(3.85) | 40 62 16
Integrated luminosity above 0.99 /s (total) || ) 5c 4 4y nya 151 (396) | 205 192 108 3.1 072097 | 0067 0.067) 144(1.94) 485832)| 48 60 23
over all IPs over each phase [ab ']
Peak power consumption [MW] 166 210 287 276 297 381 143 123 182 322 200 226 250
f;?;ﬁiﬁﬁi:ﬁ;ﬁ%eﬁ? 0.82 1.1 1.4 13 14 19 0.8 0.7 1.0 18 094 1.1 12
Cost [BCHF] ¢ 724 +30%°  +7.1°€ 13.73 8.29 +0.77 +5 46 3.74




LHC Machine Towards Major LS3 Upgrades

NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC CERN site

Front page of the

dr— =
O CIVIL ENGINEERING “CRAB” CAVITIES CERN Courier says HIGH-LUMINOSITY LHC
/ | *3 2 new 300-metre service 16 superconducting “crab” cavities for _ - = ON TRACK
P , tunnels and 2 shafis near the ATLAS and CMS experiments to |t al || s T e — 7 g
; ATLAS and CMVS. it the beams before collisions, R i L e B

LS3 installation
fully on track!

Nb3Sn series magnets manufactured at
Fermilab arrived at CERN! See CERN News.

FOCUSING MAGNETS

12 mora powerful quadrupole magnets &

for the ATLAS and CMS experiments,

designed to provide the final focusing |
=

of the beams before collisions.
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SUPERCONDUCTING LINKS COLLIMATORS CRYSTAL COLLIMATORS
Electrical transmission lines based on a high- 15 to 20 additional collimators and Nevs crystal collimators in the
temperature superconductor ¢ carry the very replacement of 60 collimators with IR7 cleaning insertion to improve

high DC currents to the magnets from the improved performance to reinforce cleaning efficiency dunng
powering systems installed in the new service machine protection, operation with ion beams.

tunnels near ATLAS and CMS.


https://home.cern/science/accelerators/high-luminosity-lhc/technologies
https://home.web.cern.ch/news/news/accelerators/hi-lumi-news-first-magnet-us-accelerator-upgrade-project-shipped-cern

ATLAS Towards Major LS3 Upgrades

A new ATLAS for the high-luminosity era Feature link

18 January 2023 | By Stetan Guincon. Christian Onm, Caterina Vernieri
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improved muon coverage new and upgraded forward

and luminosity detectors ,
trigger and DAQ

increased readout rates
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ITk — the new all-Si tracker

new High-Granularity
Timing Detector (HGTD)



https://atlas.cern/Updates/Feature/High-Luminosity-ATLAS

ATLAS Towards Major LS3 Upgrades

6 APXF [VU13P) 6x APdA (VUSP)
5 » ! F

ACCELERATORS | FEATURE -
| ’ h CERN Courier
CMS prepares for Phase Il article link
9 January 2023
: * Replace FE/BE electronics ‘ A - . & ) o " e B | L

Trigger/HLT/DAQ Py opm‘:ﬁg temp. (8 °C) , %z -' | " Module assem@’w &
 Track information in L1-Trigger ' — H b= : ' : ' < ".-*F‘
¢ L1-Trigger: 12.5 ms latency — output 750 kHz '
¢ HLT ougput 7.5 kHz Muon Systems

» Replace DT & CSC FE/BE Electronics

» Complete RPC coverage in ragion 1.5<h<2.4
New 'Endcap e Mucn tagging 2.4<h<3
Calorimeters --
¢ Rad. tolerant - high granularity
¢ 3D capable
/ w3 R J
New Tracker W e -

* Rad. tolerant - high granularity -
significant less material

¢ 40 MHz selective readout (pT>Z GeV)
in Outer Tracker for L1 -Trigger

¢ Extended coverage to h=4

MIP Precision Timing Detector

¢ Barrel: Crystal +SiPM
¢ Endcap: Low Gain Avalanche Diades

From CLASSE (Cornell)



https://www.classe.cornell.edu/NewsAndEvents/CLASSENewsCMS180129Ryan.html
https://cerncourier.com/a/cms-prepares-for-phase-ii/

Constraining Naturalness (SUSY) Scenarios

Stop searches Gluino searches

: s=13TeV, 36.1-140 fb "’ March 2023
E = 8,13 TeV, 203'140 fb 1 AUQUSt 2023 r— r| I I | T T I | I I T I T I I | | | | | I I I | I I | | | |_
;‘ M7 7 T T T T _ 2015-2018, (s = 13 TeV, 140 fb™ % B —§_>qq55‘1’ oL zot0.14203  ATLAS Preliminary -
@ - ATLAS Preliminary —| #% monojet, - bif i, (5 3900—g-u6  >3biers [2211.08028] —
9 800 — ii production, limits at 95% CL__ 5:05‘10?04/]; e : B § - tf)"{? . > 3 b-jets/> 2L SS [2211.08028, 1706.03731] ~
— — T == 0L t, >ty /t, bWy /t - bffy - — 7 14293, 2101. _
—~ e Rt TS gooob ZITE, o oo -
— P % - = EXpected T Y0, ~0 % \ ~0 T ' —
\g 700 L Q\f © e P o [12'6’1253 %9/] t,— bWy /1t — bif'y, L — qawzf‘: > 712 jets/1L/2L SS  [2008.06032, 1708.08232, 2307.01094 —
u & ‘. A . ] NN o 601 T g C — § - quIvwW)E° via 19 2L OS SF/> 2L SS  [2204.13072, 2307.01094] _
600 _ S S e B 2 401_1’;‘1;0)]“‘ tr= DY, 2500 — g— qzj(m/rv/vv);”(? viaTv > h [1808.06358] o
— J i 21T o BWE T o bif 7 - § - qi(v/2)G via 7, > 1y [2206.06012] et _
— — » M 10 10 1 — L @v\ ''''' —
50085 o rozone 2000 Limits at 95% CL O -
- - 2015-2016, ¥s =13 Tev, 36.1 b ! [ Obseved e E
400 1 s 8 WE /T o i 7 N 7
— : _ [1709.04183, 1711.11520, 1500 L.l — \ —
: | : 1708.03247, 1711.03301] : ““““““ :
300 e T A - 5
- |‘ = [1903.07570] 1 OOO __
200 : | 2012, (s =8 TeV, 20.3fb"" _
4 I d B 00/t > bW/t - bif R 7
100 I — [ 506).6(1)8616] . h 500 —
: : | | | | | | ] I ] ] | I | | | | | | L | | | ‘\\ | ] 1]
¢ L | - E 1000 1200 1400 1600 1800 2000 2200 2400
200 400 600 800 1 OOO~ 1200 m(g) [G eV]
m( t,) [GeV]
Not so natural SUSY: Stops > Stop also a scalar requires é
s N 1.2 TeV ~Tuning of factor 20, but light gluinos to be light | | ; '
[ 7\ : : - -
- el e UL e these exclusions are under enough: for gluinos > 2.4 TeV W Y ,-
=7 specific conditions, and there are ~tuning of Factor of 30

unexcluded corridors.



Very Large Number of SUSY Searches

In large variety of topologies and models

. 1
[ |
* i {95% CLexdusion] : : i
ATLAS SUSY Searches* - 95% CL Lower Limits : ATLAS Preliminary HL/HE-LHC SUSY Searches Simulation Preliminary
July 2024 1 Vs=13TeV HE-LHC, |Lar = lst":&rihmmy {95% CLexdusion) Vs =14,27 TeV
Model Signature  [Lat (7] Mass limit ' Reference Mode! LU T Y Jots Mas s limit ' Section
L] L] Ll L] L] T T L] I - L] T T T A L - Ll - L L\ L Ll - Ll LJ Ll L
Gi. g’ Oe,u 2-6jets EMsS 140 1.85 1 m(¥))<400 GeV 2010.14293 2 2 raat! 0 djois 2.9 (2.2) TeV nif) =0 2.1.1
3 e monojet  1-3jets ER* 140 [g [8xDegen] 0.9 1 m@)m(E})=5 GeV 2102.10874 e . ’ [ <‘I']
S %, g_)qqx/(l) Oep 2.6 jets E;’iss 140 P 323 m(7)=0 GeV 2010.14293 BE, B—agy, 0 q)eis ] 5.2 {5.7] 1eV] n{y,)=0 211
P z Forbidden 1.15-1.95I m(¥})=1000 GeV 2010.14293 g . MuMDle ] 2.3 (2.5 Teui 213
B 2 goaaWE lew  26jets 140 |2 2 m(¥})<600 GeV 2101.01629 S BRI 0 uip . 3 1(2.5) nix})=0 2.
oz g—qa(tOX) ee, upt 2jets  EF™ 140 |2 l.2 m(:i(’)?)<7OOGeV 2204.13072 S i, Bk 0 Mulfplo 1 2.4 (2.6) ToV m{¥1}-500 GeV 2.1.2
D 33, 5oqqWZH) Oeu  7-1jets EMS 140 |z 1.97 m(¥}) <600 GeV 2008.06032 2
3 SSe,u 6 jets 140 |2 1.15 1 m(g)-m(X1)=200 GeV 2307.01094 NJHMZ, §—1 0 Nulfipla'2% 'y 5.5 (5.9) TeV 24.2
S g gt 0-1ep 3b  Ef™ 140 |z 1245 m(¥})<500 GeV 2211.08028 1
SSeu  Biets 140 |2 125 1 m(z)-m(¥1)=300 GeV 1909.08457 v 0 Mestipln 25 : 14(17) TaM] n(i’)=0 2122113
By Oeu 2b  EMS 140 | 1.255 1 m(E0)<400 GeV 2101.12527 TR MR Zh 0.6 (0.85 TeV . 2 1.2
’ by 0.68 1 10 GeV<Am(b; X1)<20 GeV 2101.12527 % I, =i 0 e 1 (0.85) Am{fy, Xy}~ m(f)
A 0 0 miss 7 : 0 3 o |
< byby, by—>bXy — bhX Oe,u 6b ET" 140 b Forbidden 0.23-1.35 I Am(®,1Y)=130 GeV, m(¥})=100 GeV 1908.03122 =2 3 e ¥ MutioeZh 3.16 (3.55) TeVl 24.2
% S R 1 27 2p  EPS 140 |5 0.13-0.85 y AmE@.E)=130 GV, m(T})=0GeV 2103.08189 T, St o X v ve : 1 (359
23 if b 0-1e >1ljet EMs 140 |7 1.25 m(td)=1 GeV 2004.14060, 2012.03799 P - p - i c0
S iy, 1 —X M J T 1 1 X1)=1Ge T R we . 1 jats 0.56 (0.84) TaV| ;
: § L. il—>Wb/\7(1) 1e,u 3jets/1 b E;nss 140 7 Forbidden 1.05 2 m(/ﬁ))=500 GeV 2012.03799, 2401.13430 . XX 0—Wyy FE Y 0- Pt ] ( ) .1[‘ I)=o 221
8, 5 fif, h—>F1by, T1516 121 2jets/1 b E;“fss 140 h Forbidden 1.4 ' m(7)=800 GeV 2108.07665 g é 5 |f':| va Wz Sep 0-1 jals 1 0.92 (1.15) TV ll[-\";):o 222
= .g i| f] ’ ;] —)C/?(]) / EZ‘, E—)o?? 0 e, 2c¢ . Ei‘gg 36.1 ? 0.85 m(/§0)=0 GeV 1805.01649 »e' e I
[Sele) Oe,u mono-jet  ES 140 f 0.55 1 m(7,,&)-m(X;)=5GeV 2102.10874 2 § f;,i’; via Wi, Wi fuisb le.u 2.3 jats/Zh ' 1 NR (1 28) TaV .-,(\".')_o 223
ea =0 =0 =0 _ _ miss > X 1 )= 2006.05880
i, h _)IXZ:XZ_)Z/MI 1 23,/1 1-4b ETA 140 t 0.067-1.18 m(X,)=500 GeV Qe -, =) pa ol ars Gl - ~ el
hih, hoti +Z 3eu 15 EM 140 |& Forbidden 0.86 B m(@)=360GeV, m()-m(¥})= 40 GeV 2006.05880 XX—=We Wen cep o : DS TeV mi¥ =150, 25C GeV 224
ot . ) i e — [] =0 N
P viawz Multiple ¢/jets Emiss 140 | Xi%) 0.96 m(¥1)=0, wino-bino 2106.01676, 2108.07586 sepll el o) ol ca 50 s . 13 =)y
172 ee, > 1 jet Eﬁ“ss 140 |t 0.205 ] m@@?)-m(Z3)=5 GeV, wino-bino 1911.12606 E YiXa+ 00 G780 Y= W ce.u ®l 1 0.25(0.36] TeV| m¥ =15 GaV 2251
XiX| viaww 2e,u EP™ 140 | H 0.42 1 m(¥?)=0, wino-bino 1908.08215 g X+ 04 =t i —wi| 2epu T ,ﬁ /,t; : 0.42 (0.55) TaV mif| =15 GavV 2.25.1
X1 X3 via Wh Multiple ¢/jets EMiss 440 | ¥{/ky  Forbidden 1.06 ] m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586 =
172 ~ r. 102 - - ~0 “led ~a- casl o 0.21 {0.25) TV AU >
o XX vialZ, /v 2e,u EP™ 140 | X} 1.0 ] m(Z,7)=0.5(m(¥)+m(X})) 1908.08215 X XA OALAN p =t ] 21 {0.33) Te Ami:, X )=5GeV 2252
=8 oo 2r s a0 |ERGOI0Es 05 . mit)-0 2402.00603 . 1
WS 7 rig, I—et 2epu Ojets  EPss 140 |7 0.7 m(¥})=0 1908.08215 i Peb et 3 W Ze, 0 ] 0.86 (1.08] 1aV] 24.2
] “LRLR ! ce >Tjet EMs 140 |7 0.26 ! m(@)-m(E)=10 GeV 1911.12606 § X:X4 via same-sga WW " .
U . ; - 1 =0 ~
HH, H-hG/ZG Oe,u >3b EP® 140 | & 0.94 BR({} — hG)=1 2401.14922 -u - U .
! 4ep 0 jets ngss 140 | & 0.55 1 BR(Y! — ZG)-1 2103.11684 fiptie 1o 21 ! 0.53{0.73) TeV niii=0 231
Oeu >2large jets EF™° 140 i 0.45-0.93 1 BR(Y; — ZG)=1 2108.07586 - R 1 0 I
2eu  22jets EMS 140 | @1 0.77 . BRI — ZG)=BR(¥ — hG)=0.5 2204.13072 g n 2r, 7 ' 0.47 (0.65) TeV| n({;)=0 m(?)=m(ig) 232
: 74 2r, (e, 1) - 1 0.81 (1.15) TeV| n(#)=0 m(#)=m(is) 2.34
Direct ¥} %7 prod., long-lived ¥} Disapp. ttk  1jet  Eps 140 | %} 0.66 1 Pure Wino 2201.02472 .
'8 X 0.21 1 Pure higgsino 2201.02472 P - - ) ~a
2 8 stable z R-hadron pixel dE/dx EMs 140 |z 2.08 2205.06013 A VAT, XA, long-ivec X Cigy- Uh . . 0.5 (1.1) TeV Wino-ike £ 4.1.1
c',,% Metastable g R-hadron, g—>qq,\7? pixel dE/dx E?‘fs 140 g [7(® =10ns] g2 m(¥%)=100 GeV 2205.06013 X, .-’;'.'v-f'. longdivec ¥ Cisapg. tk. 1 jet 1 0.6 (0.75) TeM| Higgeino-like f’,‘ 4.1
S 8 &6 Displ. lep EPs 140 | &Q 0.74 1 w(?)=0.1ns ATLAS-CONF-2024-011 1
3 _ 7 0.36 () =0.1ns ATLAS-CONF-2024-011 iszoc. k. 1i 0.88 (0.9) Te\/ °
pixel dE/dx EMs 140 |7 0.36 1 (D) =10ns 2205.06013 MSSM, Blzctrowesk DM Cisape. 1 e : (0.9) Winodka CM 4.1.3
| MEEM, El>ctrowodk DM Cizapr. té. 1jst 2.0 (2.1) TeV Wino ke CM 4.1.2
° .
teor 0 - - [ |
T WS ze—eet Se,u _ 140 ] Pure Wino 2011.10543 2 ) ) o )
YiXT RS — wwjzeeeeyy dep  Ojets  EPS 140 1 m(¥})=200 GeV 2103.11684 %15_ MSSM, Elzctrowesk DM Ciszpr. 1k he 1 0.28 (0.3) Te| Higgsinodika CM 4.3
o 20 20 i Large A, 2401.16333 H
22, 2—qq¥1, X1 = qqq >8 jets 140 -34 ge A 8 MussMm CisepE. 1K. 1)a 1 0.55 (0.6) TeV Hig3sho K2 CM a..3
S T it B S abs Multiple 36.1 :2 m(¥7)=200 GeV, bino-like ATLAS-CONF-2018-003 9a M  Eldowesk DM oF ! ] . 93
Q7 iobVl, KT — bbs > 4b 140 Forbidden m(¥)=500 GeV 2010.01015 ~ ) o0 M . a0 .
S , v H-hadr ultiple g =01-3 1 Aal miY, =100 GeV 4.2.1
& ih fobs 2jets +2b 36.7 1 1710.07171 & H-adron, "_‘W‘_' 0 l‘ L o : A ey Wil
nf, i—ql 2eu 2b 140 0.4-1.85 1 BR(7, —be/bu)>20% 2406.18367 # R-hadron. F—qql, 0 Mulfple 2.8 Te\ 4.2.1
1p DV 136 1.6 ] BR(f; —qu)=100%, cosf,=1 2003.11956 1
X 1SR, 0, —tbs, X1 —bbs 1-2e,u  26jets 140 | X 0.2-0.32 1 Pure higgsino 2106.09609 GMSB i—uG displ u - 1 DZ TeV cr =1000 mm 4.22
: 1
[ |
Only a selection of the available mass limi 10-1 ' — . —_ e arXiv:1812.07831
*Only a selection of the available mass limits on new states or - Mass scale [TeV
phenomena is shown. Many of the limits are based on 1 [TeV] IMass scale [TeV]
simplified models, c.f. refs. for the assumptions made. 1 1
[ |

2 TeV 3 TeV

Example from ATLAS (similar for CMS) :'2'3'1' '52?8;'?



Very Large Number of SUSY Searches

In large variety of topologies and models

2 1
* . {95% CLexdusion) : H i
ATLAS SUSY Searches* - 95% CL Lower Limits : ATLAS Preliminary HL/HE-LHC SUSY Searches Simulation Preliminary
July 2024 ' Vs =13TeV HE-LHC, Lt = lst":&rihomy {95% CLexdusian) Ji=14,27TeV
Model Signature  [£dr (7] Mass limit ' Reference Mode! aUTY Jots Mas s limit Section
L 1
L] L] Ll L] L] T T L] I - L] T T T Ll A L L - Ll - L\ L\ L L - Ll LJ Ll L
Go. Gk Oe,u 2-6jets EMS 140 1.85 1 m(¥})<400 GeV 2010.14293 2 2 rqat? 0 Ajols 2.9 (2.2) ToV n(f))=0 2.1.1
3 h e mono-jet  1-3 jets Eﬁ“ss 140 § [8x Degen.] 0.9 1 m@)—mlo??):s GeV 210210874 e .I. l ( "I'] 1
R den  26is B 10 |3 o miE)-ocey 201014203 i, =g\, 0 aets 1 5.2 (5.7] 18V n{¥})=0 2.1.1
S z Forbidden 1.15-1.95I m(¥1)=1000 GeV 2010.14293 g L p Multole ] 2.3 (2.5) TeV 0 213
B a5 aoggWil teu  26jets 140 |z i.z m(})<600 GeV 2101.01629 S HE v w 1 e n{h)=0 o
O 37 3-qaOY) ee, up 2jets  EP™ 140 |2 -2 m(¥})<700 GeV 2204.13072 O 21, B—vicki 0 Mulfple ] 2.4 (2.6) TeV m{¥1}-500 GeV 2.1.3
B 3 5oqqWZt Qe 7Aljets EPS 140 |2 1.97" m(¥}) <600 GeV 2008.06032 .
2 SSe,u 6 jets A 140 |z 1.15 1 m(z)-m(¥})=200 GeV 2307.01094 ALILMS G o . 5.5 (5.9) TeV 24.2
S g5 5ot 0-1e,p 3b  EP™ 140 |2
biby Oe,u 2b Emiss 140 gl 1 0.6 (0.85) TeV Am{iy, X} )}~ mif) 2.2
1
95 bbb —b¥> — bh¥) Oeu 6b  EP® 140 | B, Forbidden - = - ' ! 3.16 (3.65) TeV 24.2
+ S R L [ oom 10r viscoveries. :
S3 ;. - ~0 01e > 1jet [Emiss 140 i | | -0
o i, h—-tX S H J T 1 0.56 (0.84) TeV| n{y, =0 2.21
: § i, > WhEs Tew  Bjetsib EFS 140 |7 1 (0.84) ()
o} fify, 1—>t1bv, 111G 127 2jets/1 b EF™ 140 | & 1 0.92 (1.15) TeV| nii)=0 222
S5 A i)
s L jf, o)/ e, eoet) Oe,u 2¢ Eafss 36.1 ¢ . ‘
oS Oe,u mono-jet Ef 140 |7 . . . ' 1 NA (1 28) Ta\l n{f})-0 223
-~~~ =0 =0 =0 miss oy
e e Be e [h Discover otential of gluinos up to O(2-3 Te 2
Do, iy + Z 3e.pu 15 EM 140 |5 : DS TeV mi¥ }=150, 25C GeV 224
P viawz Multiple ¢/jets EMs 140 | ¥EED =)y _
X, via o o 1jet Eﬁﬂss to | R 0.205 ] 0.25 {0.36) TeV| m(¥,)=15GaV 2251
XiX| viaww 2e,p Eps 40 | R : 0.42 (0.55) TeV| mif| =15 GavV 2.25.1
TR0 via wh Multiple ¢/jets EMiss 440 | ¥{/ky  Forbidden ] ] - o
g i ZE Discovery potential of stops up to O(1.5 Te | omemT]  sedtiiow e
S § i 27 EP' 140 . :
w -.‘g T rlLR, I~ Y 2e,u 0 jets EE!SS 140 I 1 0.86 (1.08] 1aV] 24.2
ee, up >1jet EP™ 140 :
18, H—hG/ZG Qen 23 i I 0.53 (0.73) TeV nif|)=0 2.3
’ H E)iss =
Oe,u > 2large jets E 140 i " " | o R
SR Discovery potential of EW SUSY up to O(1 Te L omum  miamoets 254
| 1 0.81 (1.15] TeV| n(7})=0 m(?)=mig) 2.34
Direct ¥1X] prod., long-lived X7 Disapp. tk  1jet  EP™ 140 |X} 021 1
b5 ! v
.§ 8 Stable g R-hadron pixel dE/dx Eps 140 | g ' 0.8 (1) TV i, At
&E  Metastable  Rhadron, gt} pixel dE/dx Ers a0 | (@ =10ns] ' 0.6{0.75) TeV/ Hiagsino-iike {1 4.1.1
S s 77, 1—G Displ. lep EMss 140 | &k 0)=0. ATLAS-CONF-2024-011 1
i ) 7 7(f)=0.1ns ATLAS-CONF-2024-011 . ; ik 1i (.88 (0.9) TeV! 5
pixel dE/dx Evs a0 |z I «(t) = 10ns 2205.06013 SIS, ESMSR Ciszpr. th e ' .8 FpRm RS 4.3
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Example from ATLAS (similar for CMS) :'2'3'1' ;2?8;'?



Projections at a Future Hadron Collider

All Colliders: Top squark projections N\
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CLIC - LHC 10 TeV

To go above the 10 TeV scale SUSY will require a 10 TeV Parton COM energy
machine e.g. future hadron collider (100 TeV).



Constraining EW Natural SUSY

Weak production of charginos, Weak production of charginosand o ————
. . . . L === Expected limil (=10 —
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Making the Impossible - the Higgs Self Coupling

Loop Ieve! cqnstralnt on Higgs self coupling (assuming no In the case of of a specific BSM model
BSM physics in the loops)

69

points correspond to strong first-order phase transition in the early

Higgs cross section at 240, 350, at 365 GeV universe is possible within the scalar singlet model
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= \——— for Particle Physics
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Higgs self coupling precision ~30% - reduced 10~ = - : .
to ~20% with kappaZ = 1 from SM 0> +O e 20 2
- hhh coupling: K,
Measurements at different energies will be very important. FCC will be decisive (also see that the most precisely known

coupling is setting stringent limits)


https://arxiv.org/pdf/1711.03978.pdf
https://arxiv.org/pdf/1711.03978.pdf

Collider Challenges

Circular e*e

Synchrotron Radiation losses but
beams are circulating.
Luminosity goal of 10°® cm =251
to the goal of Super KEK B

Importants aspects: Crab cavities,
beam-beam effects.

close

Linear e™e

No Synchrotron Radiation losses
but beams are dumped.

Need high acceleration gradients,
extreme focussing, beam stability
and intense positron production (still
needing R&D).
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Int. luminosity over elec. consumption [ab~! TWh~1]
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European Strategy

e FCC-ee (4 IPs)

~+— CEPC - baseline (2 IPs)

e CEPC - 50 MW (2 IPs)

e CLIC (2 IPs at 380 GeV, 1 IPat 1.5 TeV)
* LCF Low-Power (2 IPs)

" o | CF Full-Power (2 IPs)
—t ¢ ILC Japan (1 IP)
e |LEP3 (2 IPs)
~w LEP/ LEF2 (4 IPs)
50 100 200 500 1000 2000

c.o.m. enerqgy [GeV]

Circular hadron collider

R&D on High- and Low-Temperature
Superconductors required

HTS R&D in various domains: REBCO
and IBS Conductor

Industrialisation process of magnets

Superconductor supply and cost
critical

Narrow down between Nb:Sn and HTS
on ~2035 timescale



