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Particle Physics: Where do we want to go ?

Dear Santa Claus,

We have been good
these past decades.
Please could you
now bring us

® adark matter candidate

® an explanation for the fermion masses

® an explanation of matter-antimatter
asymmetry

® an axion, to solve the strong CP problem

® asolution to fine tuning the EW scale

® asolution to fine tuning the
cosmological constant

Thank you, Particle Physicists

ps: please, no anthropics
Shamelessly stolen from Gavin Salam

N. Morange (IJCLab)

The SM is a huge success...

but

we have been so far in getting
answers to many fundamental questions !

Tokyo, 21/11/2025



The Higgs Boson at the core of the SM

N. Morange (IJCLab)

Higgs boson

electron

7 VT

Tokyo, 21/11/2025

But we have been i</ in
discovering a 125 GeV Higgs boson

(many decay channels accessible!)

It opens a door to the most
mysterious part of the Standard
Model



The Higgs Boson at the core of the SM
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The Higgs Boson at the core of the SM
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The Higgs Boson at the core of the SM

Observation of Yukawa couplings:
mass generation for the fermions !
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The Higgs Boson at the core of the SM

Probing the Higgs potential: HOW did the
EWSB happen ? Implications for early
universe and future of our universe

ATLAS +CMS

" Projections ESPPU 2026
Vs =14TeV, S3, 3 ab~! per experiment
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The Higgs Landscape

BSM
o Hlogs Mass Higgs Width particle
Higgs signal ’ 99 > searches
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Broad consensus:
The next collider should be a
Higgs Factory
followed by an exploration machine
at 10 TeV p-c.o.m



The International Landscape outside Europe

e Studies towards an ILC e Mature design of CEPC e Nointerest in hosting
continue o TDR for accelerator next collider: support
o Establishment of ILC (2023) and detector CERN FCC-ee project

Technology Network (2025) , e Focus on muon
e Not selected to goin collider R&D for

[ IchdwoogNework the next 5-year plan

next-to-next gen

Time-consuming and essential work packages for ILC are summarized  ILC Technology Network (ITN)
as ILC Technology Network (ITN). (~4-year plan) -- global collaboration program-- .
- i .pdf i
; * Acc. R&Ds focusing on CEPC matures, but approval is on hold
* SRF 26 October 2025
* e-&e+Sources
* Nano-beam - . IS
In October, the Circular Electron—Positron 2
SRF [‘wep [ 1| cavityproduction 19, B KE i
= ; ) wee | 2 M design DEETES Collider (CEPC) study group completed its
*Creating particles Sources we | 3 Crab covity
*polarized elections / positrons oo | 4 i full suite of technical design reports,
*High quality beams Damping rin, op 1o | unduortge —
ig! quality Jeams’ ping ring e e | [wep [ 7] Undvlatorfocusing Ger marking a key step for China’s Higgs-
TR S Seafil ot onp forth 150 f Sources | Wep | 8 | Edwentarget .
ITN is useful not only for the ILC but also for wep [ 5 | eamentorusing r factory proposal. However, CEPC will not be |
various advanced accelerators. WeP | 10| e-driven capture. . 5 % 3 g Soi eorre ot H A— “
«Acceleration Main linac oo | 13| Target repicement . considered for inclusion in China’s next e |
*superconducting radio frequency (SRF) il ssese ek i
_ g Nano- [ wee |18 UK five-year plan (2026-2030).
*Getting them collided  Final focus e s e B
*nano-meter beams o [ S — \
+Go to Beam dumps LOWs2025 (hin MICHZONO) wop [17] Maindump . “Although our proposal that CEPC be P2 <
N st
included in the next five-year plan was not \\
Mature design The CEPC Study Group has successful, IHEP will continue this effort, d J : T

See Ta I ka n S U e h a ra ta lk f;:iiﬁ?d::zgﬁgﬁ 'ﬁ:;ecp:;srg:zup s which an international collaboration has
on Tuesday

arXivi2510.05260 developed for the past 10 years,” says study
N. Morange (LJCLab) Tokyo, 21/11/2025 10



https://indico.in2p3.fr/event/35255/contributions/163471/attachments/97934/150869/251118-p2i-suehara.pdf
https://indico.in2p3.fr/event/35255/contributions/163471/attachments/97934/150869/251118-p2i-suehara.pdf

Landscape in Europe: ESPPU 2025-2026 Update

X

3

e What is the main project ? (plan A) European Strategy;
e What are the fallback options, in case A is deemed Update

) : o : : “
not feasible, or if another major international project
proceeds on a faster timeline ?

Deadline for the

Council appointment of the Deadline for the Open submission of final
members of the PPG and submission of main S . national input in advance Submission of the draft
decision on the venue for the input from the ymposium of the ESG Strategy strategy document to
Open Symposium community Drafting Session the Council
End September 2024 31 March 2025 23-27 June 2025 14 November 2025 End January 2026
December 2024 26 May 2025 End September 2025 1-5 December 2025 March and June 2026
Council decision on the " g
Deadline for the Submission of the ESG Strate Di ion of the draft strat
bty f°rlt)he fE.SG submission of additional “Briefing Book” to Drafti - désc%l:rsnf;ftnb?' the Counch gl
- rategy Drafting national input in the ESG rafting updating of the Strategy
ession advance of the Open Session

Symposium
N. Morange (IJCLab) Tokyo, 21/11/2025 11
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Future project timeline: mid 2040s

HL-LHC (Runs 4-6)

LHC Run 2 2029-2041 13.6 - 14 TeV/ and 2x Marumi Kado on Monday
2014-2018 13 TeV/ : it
100% < Nominal Luminosity, PU 140 - 200
to 2x Nom. Lumi, PU 40 Int. Lumi. 3000 fb-1
Int. Lumi.190 fb-1

Ls2 CLIC 380 GeV- 3 TeV T
2018-2022 :
Experiments Phase-| ch 250 Gev -1 TeV _

and accelerator
upgrades {:}

2010 2020 ‘ 2030 2040 2050 2060 2010
D TNy D T TS T Y—
LS3
|2-Os1;-204 2026-2029 HL-LHC Fcc-ee 90 = 365 Gev Fcc-hh 85 Tev
EooiiaionefItic installation and major exp.
interconnections srpEEE
LHC Run 1
2009-2012 7-8 TeV LHC Run 3
75% Nom. Lumi, PU 30-40 2022-2026 13.6 TeV
Int. Lumi. 30 fo-1 [2x l\ﬂom. lzlusrgfb P1U 60
t. i - = = = _ - —
B LHC Ultimate Precision ¢*e Ultimate Energy (pp, 1 ")
The (LEP) LHC project LEP {}
1980 1990 2000 2010 2020 ‘ 2030 2040
Discussions Project Construction Operations HL-LHC

N. Morange (IJCLab) Tokyo, 21/11/2025 12
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Main projects proposed

e 90.7 km circular collider at CERN e Linear collider with electron drive beam
o e'e upto 365 GeVthen pp o 11.4-29.6 km for 380 GeV - 1.5 TeV

collider ~ 80 TeV
o 4 Interactions Points

e 43-4ab'at380-1.5TeV over 20 years
o Higgs, top, searches

e Highest Luminosity e+e- collider
o Higgs, top, EW, flavour factory

DRIVE BEAM LOOPS
=y . MAIN BEAM INJECTOR

“.__DAMPING RINGS

“._DRIVE BEAM DUMPS

“._TURN AROUND

N. Morange (IJCLab) Tokyo, 21/11/2025 13



Main projects proposed

Interaction point

N. Morange (IJCLab)

Repurgose @ CERN of ILC proposal o 3.2TeV p*u collider

o 33.5 km linear collider U d 7 6 TV ol

5 250 GeV and 550 GeV pgrade to /.6 eV possible
o New 10km tunnel for collider

o 2 experiments sharing luminosity

Higher lumi: 3 - 8 ab” at 250 - 550 GeV ¢ Requires extensive R&D programme

over 19 years o Muon cooling
o Higgs, top, searches Liah field
o Excursion to Z for EW measurements o__High Tield magnets

[ SC LINAC CERN land !
200x25m. | e Cﬁ}

Could go to higher energies with new %ms - R

tech

Injection Tunnel
from RLA2 to SPS
Length 1010 m.

\ \

om
Kroton
|Accumulator
o 2200 m.
Muon Collider|
Ring Length 10 km.

\
\ —

— " Prevessin Site

Damping Ring

| A
SR Experimental cavern

TI18 |

Length 257 m.|

TI12

Length 533 m..

njection Tunnel 1
j Length 2006 m. \

Experimental cavern,>
&

Meyrin Site -7 . <
AL Injection Tunnel 2| g
Tokyo, 21/11/2025 LINAC 4| "5, [ Length 2006 m. o
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Projects proposed as “intermediate” projects

() EXISTING INFRASTRUCTURES
e e*e colliderinthe LHC tunnel ‘HL'LHC
5 91 GeV to 230 GeV LHeC
© 2 experiments e e-pcollider@1.2TeV
o Re-use part of FCC developments o HL-LHC beam
o 50 GeVe from
e 53-23ab'at91-230 GeV 8.9km ERL

o Higgs, EW and Flavour o

o

N. Morange (IJCLab)

e 1ab'over6years

Tokyo, 21/11/ 4

1 experiment

PDF + Higgs P1 |
+ QCD + EW
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Technical Assessment: ESG WG2a

Evaluation of:

Assessment of large-scale accelerator projects at CERN
Report of ESG WG2a

Schedule uncertainty B e e T
Cost uncertainty * ganiigi arsun@cem.h

® philip.burrows@physics.ox.ac.uk

Ri S ks d efi n iti O n S © jacqueline. keintzel@cern.ch

L Sco p e 31 October 2025
[ ] TeCh ni Ca I Rea d | neSS Level G. Arduini'® (convener), F. Bordry' (co-opted accelerator expert), R. Brinkmann? (co-opted
R &D St t d I accelerator expert), P. Burrows®® (convener), K. Desch?, S. Farrington®$, F. Gianotti’,
() K. Hanagaki’, N. Holtkamp®® (co-opted accelerator expert), J. Keintzel's (scientific
a us a n p a nS secretary), B. Kilminster’®, T. Lesiak', L. Rivkin'>" (co-opted accelerator expert),
HH™ F. Sabatié™, M. Tuts', A. Zoccoli'.
e Tests facilities
P f . ' CERN, Geneva, Switzerland * DESY, Hamburg, Germany
* John Adams Institute, Oxford University, UK “ Unive f Bonn, Ge
° errormance uncertainty s il
. . 7 KEK, Tsukuba, J *H Institution, Stanford, USA
e Site Preparation * SCAC, Stntora, USA Unvrsty of Zurch, Swizsrand
" IFJ PAN, Krakow, Poland 2 Psl, Villigen, Switzerland
([
([
([
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https://cds.cern.ch/record/2947728/files/ESG_WG2a_Final.pdf
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Technical Assessment: ESG WG2a

Project

TRL

CLIC 380 GeV, 1.5 TeV

R&D

Test facilities

Performance

Site
preparation

Schedule

Cost

Risk

FCC-ee 91-365 GeV

FCC-hh 85 TeV

4-7 (Nb;Sn)/ 4.3

FCC-hh - SA 85 TeV

4 -7 (NbsSn) /5

LCF 250 - 550 GeV

5-7/55

LEP3 91 - 230 GeV

3-6/4.0

LHeC: HL-LHC + 50 GeV ERL

MC 3.2 TeV, 7.6 TeV

N. Morange (IJCLab)

Tokyo, 21/11/2025
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Technical Assessment: ESG WG2a

Project Scope TRL R&D Test facilities Performance o SMP Schedule Cost Risk
preparation

CLIC 380 GeV, 1.5 TeV 4-6/52

FCC-ee 91-365 GeV

FCC-hh 85 TeV

Huge success of the FCC Feasibility Study !
FCC-hh - SA 85 TeV All green for technical assessment !

LCF 250 - 550 GeV

LEP3 91 - 230 GeV 3-6/4.0
LHeC: HL-LHC + 50 GeV ERL 3-6/4.5
32TeV:3-5

MC 3.2 TeV, 7.6 TeV
piat : 76TeV:2-5

N. Morange (LJCLab) Tokyo, 21/11/2025 18



Technical Assessment: ESG WG2a

Project Scope TRL R&D Test facilities Performance i N , Schedule Cost Risk
preparation
CLIC 380 GeV, 1.5 TeV 4-6/52
FCC-ee 91-365 GeV 4 -7/6.0
4 -7 (NbzSn) /4.3
o _
FCC-hh - SA 85 TeV 4 -7 (NbsSn) /5 m
LCF 250 - 550 GeV D= DD

LEP3 91 - 230 GeV

More work needed to ensure feasibility of FCC-hh

LHeC: HL-LHC + 50 GeV ERL

R&D on magnets needs to be continued

N. Morange (IJCLab) Tokyo, 21/11/2025 19



Technical Assessment: ESG WG2a

Project

Scope

TRL

R&D Test facilities | Performance

Site
preparation

Schedule

CLIC 380 GeV, 1.5 TeV

4-6/52

FCC-ee 91-365 GeV

FCC-hh 85 TeV

FCC-hh - SA 85 TeV

conducted for ILC

LCF proposal (250-500 GeV) benefits from work

LCF 250 - 550 GeV - S5=155
LEP3 91 - 230 GeV 3-6/4.0
LHeC: HL-LHC + 50 GeV ERL 3-6/4.5
s 2 32TeV:3-5
MC 3.2 TeV, 7.6 TeV 76TeV:-2-5

N. Morange (IJCLab)

Tokyo, 21/11/2025
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Technical Assessment: ESG WG2a

Project Scope TRL R&D Test facilities | Performance . il chedule Cos Risk
preparation
CLIC 380 GeV, 1.5 TeV 4-6/52
FCC-ee 91-365 GeV
- a ve ece DrOPOSa
FCC-hh 85 TeV
O e CrLd C ONOIS. HO

FCC-hh - SA 85 TeV = 325N ) / SSfi
LCF 250 - 550 GeV DE=DD
LHeC: HL-LHC + 50 GeV ERL 3-6/4.5
MC 3.2 TeV, 7.6 TeV 3.2TeV:3-5

76TeV.2-5

N. Morange (IJCLab) Tokyo, 21/11/2025 21



Technical Assessment: ESG WG2a

Project Scope TRL R&D Test facilities | Performance B il Schedule Cost Risk
preparation

CLIC 380 GeV, 1.5 TeV 4-6/52

FCC-ee 91-365 GeV 4-7/6.0

FCC-hh 85 TeV a NE ® - o gdepe ® 3 0 » 0

FCC-hh - SA 85 TeV

Dortance of PERLE demo ator @ Orsa
LCF 250 - 550 GeV
LEP3 91 - 230 GeV 3-6/4.0
LHeC: HL-LHC + 50 GeV ERL 3-6/45 -
, 32TeV:3-5
MC 3.2 TeV, 7.6 TeV
SRR 76TeV:2-5

N. Morange (IJCLab) Tokyo, 21/11/2025 22



Technical Assessment: ESG WG2a

R&D Test facilities

Significant R&D needed on all fronts to make a

muon collider a reality some day

MC 3.2 TeV, 7.6 TeV

N. Morange (IJCLab)

Tokyo, 21/11/2025




hysics potential comparison: the Briefing Boo
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. LHeC . FCC-hh LCFz3250 . CLIC3go LE FCC-eezwwi240 . MuCygrev Physics Briefing Book
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. LCF 2501550 . CLIC3s011300 . FCC-eezwwi2401365 Input for the 2026 update of the European Strategy for Particle Physics
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S sheeT B e
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https://cds.cern.ch/record/2944678

Physics potential comparison: the Briefing Boo
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European Stra(egy Chiara Signorile Signorile! (Scientific Secretary). Nésior Armesto'®, Roberta Amalds!
ley*. David d’Enterria’ . Antoine Gérardin'®, Valentina Mantovani Sarti'®,
‘Sven-Olaf Moch'”, Marco Pappagallo'®, Raimond Snglhm‘“ 3 Urs Achim Wiedemann”
(Contributors)

- - s o s Flavour Physics: _Gino lsidori™, Marie-Hélene Schunc?! (Comeners).
m al n ro c s ro o se Maria L Piscopo’" (Scienifc Scretary). Mata Cai™, Yoval Grossman”, Thibaud Hammic™.
H Andreas Jitner >, Jernej F. mmmk-“"‘ Matthew K:nmr . Patrick Kn?pﬂlbun,
£ Radoslay Marchevski™*, Angela Papa™. Guillaume Pignol™”, Justine Serrano'! (Contributars)
Neutrino Physics & Cosmic Messengers: Pilar Hernandez ™. Sara Bolognesi™® (Conveners).

[ n
: Ivan Esteban’! (Scientific Se S‘«':(mn} Stephen Dolan’, Valeric Domcke’, Joseph Formaggio 4
i M. C. Gonzalez-Garcia® um,bm"’ Aldo Im“ Joachim Kopp” ™. Elisa Resconi**,
Mark Scou™. Viola Sordini™ (Contributors)
Beyond the smndmi Model Physics: Fabio Maltoni* "', Rebeca Gonzalez Suarez™® (Comeners).
Benedikt Maier™ (Scientific Secretary). Timothy Cohen e - Annapagla de Cosa
Nathaniel Cm; Roberto Franceschini . Loukas Gouskos . Aurelio Juste™, Sophie Renner ',
Lesya Shehutska®® ((‘amnbmﬂrn
Dark Matter and Dark Sector: Jocelyn Monroe™, Matthew McCullough” (Comveners),
Yohei Ema’ (Scientific Secretary), Paolo Agnes*. Francesca Calore®, Emanuele Castorina’
Aaron Chou™, Monica D'Onofio™, Maksym Ovehynnikoy” . Tina Pollmann'®, Josef Pradler™,
Yotam Soreq™, Julia Katharina Vogel™* (Contributors)
Accelerator Science and Technology:  Gianluigi Arduini, Philip Burrows™ (Comveners),
Jacqueline Keintzel (Scientific Secretary), Deepa Angal-Kalinin™, Bernhard Auchmann™®”,
Massimo Ferrario”, Angeles Faus Golfe™! o

"

. Roberto Losito’, Anke-Susanne Mueller™,
Tor Raubenheimer””, Marlene Tumer”, Pierre Vedrine®’, Hans Weise™, Walter Wuensch”,
Chenghui Yu™ (Contributors)

Detector ‘Thomas Bergaver”, U * (Comveners).
thea vom Bruch'” (Scientific Secretary). Thea Aarrestad ™. Daniela Bortoleto™"

] ] H Dorot oleto™,
] ”n Shikma Bressler”. Marcel Demarteau”!. Michacl Doser”, Gabriella Gaudio® . Inés Gil-Botella®.
n er I | Ia e ro ec s ave Andrea Giuliani?, Fabrizio Palla®. Rok Pgummk" Felix Sefkow™, Frank Simon™,

Maksym Titov**(Contributors)

Computing: Tommaso Boceali®, Borut Kersevan** (Comveners).

Danicl Murnanc® (Scientific Secretary). Gonzalo Merino Arevalo®, John Derck Chapman’”,
e ra e e r o r m a n c i Frank-Dicter Gacde™, Stefano Giagu”, Mria Girone', Heather M. Gray™, Giovann Iadarols.
Stephane Jezequel®, Gregor Kasieczka™®, David Lange™. Sinéad M. Ryan™. Nicole Skidmore'.

Sofia Vallecorsa” (Contributors)

H Theoretical Overview: _Eric Lacnen'*"**
s o m e ‘ o r Reviewers:  Anadi Canepa®, Xinchou Lou®, R»gm.. Rosenfeld™, Yuji Yamazaki™
Editors:  Roger Forty”, Karl Jakobs™*, Hugh Montgomery”*, Mike Seidel™ " ", Paris Sphicas”

Link

25


https://cds.cern.ch/record/2944678

Not only Higgs physics

Electroweak and flavour factories Searches for new physics
e Huge improvement from large WW and e Depending on models / types of
(tera-)Z statistics expected particles, benefit from highest
energies or from precision
e Powerful tool to search for SM deviations measurements

178}  68% prob. regions from EW fit i
@ Current i ! % | /rccmm | --- Bellem 20t
1 T %
HL-LHC : ! 5 I /_/ :ﬁ:l;u] 550 ab-1
i : = SHiP, 15 years
176} © HL-LHC+LCFz/250/350 ” | { |/ ALICE 552 TeV, 35 b~
HL-LHC+FCC-ee | Fecprb| ¥ ALICE 552 TeV, 35 lnlf'
. i h ! ) N MuC 3 TeV, 0.9 ab™
= Direct determination \) gl uC 3 Te\ B 1 527 zl s —— MuC10TeV,10ab"*
o 174} va"s‘ zoz4_m:=ns. 2025 \ s 45 1918 ——- CLIC 380 GeV 4.3 ab~1
(V) o — & : - AT A — = CLIC1500 GeV 45 ab~!
t—a‘- *.2 HL-LHC i A w 4 ~—— CLIC 3000 GeV 5 ab~!
< LCFzps0/350 4 D, i T ~—- LCF Beam Dump (1yr)
g 172+ A \ FCC-hh —— LCF Beam Dump (20yrs)
FCC-ee
FCC-ee Z-pole (37) —— FCC-hh85TeV30ab-!
==+ FCC-PbPb 39 TeV 110 nb !
=+ FCC-pPb 63 TeV29 nb~!
170 i ==+ FCC-ee non-Z-pole(y—fusion)
/ \ —— FCC-ee Z-pole (37), 204 ab~!
e i) FCC-ee Z-pole (17), 204 ab~!
for Particle Physics, — -ee Z-pole (17), 204 ab~
= * - * 1 2 3 4 5
80.33 80.34 80.35 80.36 80.37 80.38 80.39 1 G \}? 10 L L
mg [
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Large support for FCC-ee in Europe and abroad

a) Which is the preferred next major/flagship collider project for CERN?

25
21 mMS mAMS mNMS
20
Cailin Alexa, "
presentation at Open
. 10
Symposium
5
3 2 2
5 v W) 10 mm ? 0 - 0 .
support / in favour are opposed tobedecidedin  support for any e+e-
November collider
Support for FCC MS: Belgium, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Israel,
Italy, Norway, Poland, Portugal, Romania, Serbia, Slovak Republic, Spain, Sweden, Switzerland, United
Kingdom
AMS: Brazil, Croatia, Lithuania, Pakistan, Slovenia, Ukraine
NMS: Canada, United States of America (The U.S. supports FCC-ee as the next major flagship project at CERN)
Opposed None
To be finalized in November | Netherlands
Support for any e*e” collider | MS: Austria, Bulgaria; NMS: Australia, Japan 7

N. Morange (IJCLab)
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https://agenda.infn.it/event/44943/contributions/265700/attachments/137706/208497/ESG%20WG1%20report%20v15.2.pdf
https://agenda.infn.it/event/44943/contributions/265700/attachments/137706/208497/ESG%20WG1%20report%20v15.2.pdf

The FCC-ee project

200 —

e 90.7 km circular collider at CERN

o e'e before moving to pp collider
e Highest Luminosity e+e- collider

o LEP1 every 2 minutes at Z pole !
e 4 Interaction Points
e Huge work done for the Feasibility

Study %

ZH Top

100 —

Integrated luminosity [ab]

Years
——CDR baseline runs (4IPs)
—— Additional opportunities 28
e Total
z ww ZH tt integrated
o) 40 125 40 30 19.2 5 10.8 0.4 2.7 luminosity
| l_1 1_J (ab)
A D ) I ! L | .
Ene
40 --- 60 88 91.2 94 125 157.5 --- 162.5 217 240 340 ... 350 365 (Gel'g)y
Z Iir(\_;zéhape W mass and width
QCD D . : top EW couplings
precision flavour (\a(le:‘tron b Higgs mass Higgs eodrinns Miop  Higgs VBF production Physics
studies rare decays ukawa as gzH (Tw and Higgs couplings improved) highlights
dark sector flavour (e.g. Veb)
# events
13 8" 6) 6'
0(10%9) 0(109) 0(2x109) 0(2x109) @1Ps)
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https://arxiv.org/pdf/2505.00272
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FCC-ee Physics Programme

'mgz, Iz, N, * o s(mz) with per-mil accuracy 9
*Ri. Aes *Quark and gluon fragmentation
mw, Nw *Clean non-perturbative QCD studies
‘mmu,, rHi?gs
EW & QCD Higgs couplings
self-coupling
detector hermeticity particle & =
tracking, calorimetry energy ;
particle 1D — ]
direct searches ( g’
of light new physics S
*Axion-like particles, dark photons, @
Heavy Neutral Leptons ®
* long lifetimes - LLPs §
D
flavour factory o
(10"2bb/cc; 1.7x10" 77) 9 —
7 physics B physics
*Flavour EWPOs (Rp, ApgP:%)
«r-based EWPOs *CKM matrix,
elept. univ. violation tests *CP violation in neutral B mesons 2 :
momentum resol. «Flavour anomalies in, e.g., b — srr m P —
hadron identification

N. Morange (IJCLab) Tokyo, 21/11/2025
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Leap Forward on the Higgs

mass
charge
spin

QUARKS

LEPTONS

~2.16 MeV/c? =1.273 GeV/C® «17257Gev/ic | [0 ~125.2 GeV/C
% - % < % 0 0
- @ (@ | ® || - @ |
up charm top higgs
camevie  Y(~o3smevie ) [=atsscevie ) [o w
=y -B -% 0 <
'@ O |F® | S
v
down strange bottom photon 8
£ BY B Y A N e
1 =0.511 MeV/c? '=105.66 MeV/c? '=1.77693 GeV/c? =91.188 GeV/c? <
-1 > -1 4 -1 4 0 7] -
@[ O® | @ |} 2 3
(@) O
¥y
electron muon tau Zboson | N un
OZ
e - - o O
<08 ev/c ) <017Mevic | [<182Mevi@ | [=80.3692 Gev/c? 8
o 4B 0 4 o 48 +1 L m
N N N NN BEE
202
electron muon tau L 0
neutrino neutrino neutrino W boson ws

N. Morange (IJCLab)

Tokyo, 21/11/2025
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Leap Forward on the Higgs

mass
charge
spin

QUARKS

LEPTONS

=2.16 MeV/c?

p—

N

N. Morange (IJCLab)

Tokyo, 21/11/2025

» @ *
up
A
=4.7 MeV/c? =93.5 MeV/c? ol e
% 48 2
- @ 2
o
strange
g (aa)
" o
'=0.511 MeV/c? =10 <L
-1 o v -
- @ 2 g
O °
electron N e
O 2
| , e D
' <0.8 eV/c ) <017Meviz | [<182Mevid | 8
o B 0 4 o 4B LLl m
@ | ® || @ oF .
=0
electron muon tau <0
neutrino neutrino neutrino ws

Higgs Factory precision:

Up to order of magnitude
improvement on almost
all Higgs couplings
o Coupling to charm
quark guaranteed
at %-level

Down to few per-mille
precision

Significant improvement
on A,
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Leap Forward on the Higgs

charge | %
spin | %

\

p—

mass  =2.16 MeV/c?

®

up

N

=4.7 MeV/c?

QUARKS

iﬁ

down

SM

Few X

sensitivity!

' <0.8 ev/c?
0
%

LEPTONS

o

electron
neutrino

1 <0.17 MeV/c?

0
%

N

A

muon
neutrino

<18.2 MeV/c?

0
%

tau
neutrino

=

GAUGE BOSONS

VECTOR BOSONS

N. Morange (IJCLab)

Tokyo, 21/11/2025

SCALAR BOSONS \ :

Unique prospects

e Complete the Yukawa
picture for 2nd
generation fermions

e Tantalizing close to
SM sensitivity toy_ !!!

Monochromatization WPs |

Parametric study
GHC v22 Z
W GHC V22 it

Svg spread (MeV)

e Yukawa limits. e'e > H, Vs =125 GeV
(for each detector in 1 year)

2 345 10 2030




Leap Forward on the Higgs

:ﬁ

mass  =2.16 MeV/c?

P

charge | %
spin | %

up

A

=47 MeV/c?

~

QUARKS

v

2

o O
sensitivity! o
0=z
m V o ~ y m o
= [<08evc 1 <017 Mev/c (<182Mevi | 8
o 0 y 0 e 0 foa fa]
°r® QO || @ S8
& electron muon tau <L o
=2 neutrino neutrino neutrino ws

N. Morange (IJCLab)
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SCALAR BOSONS \ .

Plus:

e m,at4 MeV
o Required for H pole
run

o [,at0.8%
o Absolute couplings'!

e BR_,<5X 104
o Higgs portal / DM

e (P properties
o 8 M7 <5x10°
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The ultimate EW precision

my (MeV) .

Observable present . FCC-ee FCC-ee Comment and 803602 + 9.9 0.18 0.16  From WW threshold scan
value £ uncertainty Stat. Syst. leading uncertainty Beam energy calibration
mz (keV) 91187600 £ 2000 4 100 From Z line shape scan I'w (MeV) 2085 + 42 0.27 0.2 From WW threshold scan
Beam energy calibration Beam energy calibration
I'z (keV) 2495500 £ 2300 4 12 From Z line shape scan 9 " p W W
b i as(m2;) (x10%) 1010 + 270 2 2 Combined R)", Ty fit
sin2 6517 (x 106) 231480 + 160 12 12 From A% at 7 peak Ny (x10%) 2920 £+ 50 0.5 small Ratio of invis. to leptonic
. T in radiative Z returns
Beam energy calibration
E " Myep (MeV) 172570 £ || 290 4.2 49 From tt threshold scan
1/aqen(m3) (x10%) 128952 + |14 39 small From Ay off peak < QCD uncert. dominate
0.8 tbe From Ay on peak -
QED&EW uncert. dominate [iop (MeV) 1420 = 190 10 6 lg(():nﬁ tt thl:sl:iold .sczin
uncert. dominate
Z : .
R, (x 103) 20767 + 25 0.05 0.05 Ratio of hadrons to leptons M = :
¢ Acceptance for leptons Aiop/ Aop 12 +£]i03 0.015  0.015 From tt threshold scan
= QCD uncert. dominate
as(mz) (x10%) 1196+ 30 0.1 1 Combined Ry, Tioi, 0g fit (17 couplings £ 30% 05-15% small  From /s = 365 GeV run
a4 (x10%) (nb) 414802 + 325 0.03 0.8 Peak hadronic cross section
Luminosity measurement
N, (x10%) 29963 + 74 0.09 0.12 7 peak cross sections .
Laminosity measwrement - [ryproved theory calculations needed to:
Ry, (x10%) 216290 + 660 0.25 0.3 Ratio of bb to hadrons
A (x10% 992 £ 16 0.04  0.04 b-quark asymmetry at Z pole
ki aukaymnenaZie o Extract the SM parameters from
AP (x10%) 1498 + 49 0.07 0.2 7 polarisation asymmetry
5 o grymmetry measurements
7 lifetime (fs) 2903 + 05 0.001  0.005 ISR, 7 mass PY P rovi d e p red ict i ons to com p are to
7 mass (MeV) 177693 + 0.09 0.002 0.02 estimator bias, ISR, FSR
7 leptonic (uv“vl) BR (%) 1738 + 0.04 0.00007 0.003 PID, 7* efficiency m ea S u re m e nts

N. Morange (IJCLab)

Tokyo, 21/11/2025
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The ultimate EW precision

Observable present . FCC-ee FCC-ee Comment and my (MeV) 803602 + 9.9 0.18 0.16  From WW threshold scan
value £ uncertainty Stat. Syst. leading uncertainty Beam energy calibration
mz (keV) 91187600 + 2000 4 100 From Z line shape scan I'w (MeV) 2085 + 42 027 02  From WW threshold scan
Beam energy calibration Beam energy calibration
Tz ) #0300 £ 20 = 12 B‘Z‘;‘;’]“eﬁé:g; shape scan s (mdy) (x10%) 1010 + 270 2 2 Combined R)", T\ fit
sin2 6517 (x 106) 231480 + 160 12 12 From A% at 7 peak Ny (x10%) 2920 £+ 50 0.5 small Ratio of invis. to leptonic
Beam energy calibration SEadiiye Fatetums
E " Myep (MeV) 172570 + 290 4.2 49 From tt threshold scan
1/aqen(m3) (x10%) 128952 + 14 39 small From Ay off peak < QCD uncert. dominate
0.8 tbe From Ay on peak -
QED&EW uncert. dominate [iop (MeV) 1420 = 190 10 6 From tt threshold scan
- QCD uncert. dominate
R, (x 103) 20767 + || 25 0.05 0.05 Ratio of hadrons to leptons M = :
‘ Acceptance for leptons Auop/Mop 12 = 03 0.015  0.015 lg‘é‘gt]tn‘ctﬁsg‘;ﬁiﬁi‘;
. Ap—s :
as(mz) (x10%) 1196+ 30 0.1 1 Combined Ry, Tioi, 0g fit (17 couplings £ 30% 05-15% small  From /s = 365GeV run
a4 (x10%) (nb) 414802 + 325 0.03 0.8 Peak hadronic cross section
Luminosity measurement
N, (x10%) 29963 + 74 0.09 0.12 7 peak cross sections .
Laminosity measwrement - FQF detectors: quest for low systematics
Ry, (x10%) 216290 + 660 0.25 0.3 Ratio of bb to hadrons
AR (x101 992 + 16 0.04 0.04 b-quark asymmetry at Z pole H
b mvuire e Know all acceptances with very
pol,7 4 i cats . H P
ARR" (x10%) 1498 =+ 49 0.07 0.2 i polansa‘;lc()iré:;gr&rlx;zitg h | g h p recision !
7 lifetime (fs) 2903 + 0.5 0.001  0.005 ISR, 7 mass ® P recise p OSI t| onin g + mon |t0 rin g
7 mass (MeV) 177693 £ | 0.09 0.002 0.02 estimator bias, ISR, FSR . . o o .
leptonic w0 BR (%) 1738 = [0.04 000007 0003 m.emeey . ©  Determination of efficiencies

N. Morange (IJCLab) Tokyo, 21/11/2025 35



The ultimate EW precision

Observable presen . FCC-ee FCC-ee Comment and my (MeV) 803602 + 99 0.18 016  From WW threshold scan
value £  uncertainty Stat. Syst. leading uncertainty Beam energy calibration
mz (keV) 91187600 + 2000 4 100 From Z line shape scan I'w (MeV) 2085 + 42 027 02  From WW threshold scan
Beam energy calibration Beam energy calibration

I'z (keV) 2495500 £ 2300 4 12 From Z line shape scan 9 " . W W
Beam energy calibration ag(miy) (x10%) 1010 + 270 2 2 Combined R, ., I', fit
sin2 6517 (x 106) 231480 + 160 12 12 From A% at 7 peak N, (x10%) 2920 £+ 50 0.5 small Ratio of invis. to leptonic

R in radiative Z returns
Beam energy calibration

1/agep(m2) (x10°) 128952 + 14 39  small From AE’% off peak Miop (MeV) 172570 £ 290 4.2 4.9 *g%'gfn‘c*;ﬁsggfuﬁg
0.8 tb From A ak —
c QED&EWT&H%SS]&;C Tiop (MeV) 1420 + 190 10 6 lg(():nﬁ tt mr;sgold scan
uncert. dominate
Z g .
R, (x 103) 20767 + 25 0.05 0.05 Ratio of hadrons to leptons M = :
‘ Acceptance for leptons Auop/Mop 12 = 03 0.015  0.015 lg‘é‘gt]tn‘ctﬁsg‘;ﬁiﬁi‘;
. 7 o -
as(m3) (x107) 1196 + 30 0.1 1 Combined R, , Tigi, o0 fit (17 couplings £ 30% 05-15% small  From /5 = 365GeV run
a4 (x10%) (nb) 414802 + | 325 0.03 0.8 Peak hadronic cross section
Luminosity measurement
N,(x10%) 29963 + (74 0.09  0.12 Z peak cross sections . ..
Laminosity measwrement | Hjg precision on beam knowledge
Ry, (x10%) 216290 + 660 0.25 0.3 Ratio of bb to hadrons
AR (x10% 992+ 16 0.04  0.04 b-quark asymmetry at Z pole
B (x10) e e Beam energy measurement
AR (x10%) 1498 £ 49 W 0 rpewindemmesy o Resonant depol. for 100 keV on Z mass
7 lifetime (fs) 2903 + 05 0.001  0.005 ISR, ~ mass e Luminos |ty measurement
7 mass (MeV) 177693 + 0.09 0.002 0.02 estimator bias, ISR, FSR 4 ey
: " D% o Bhabha and yy events for 10 precision
7 leptonic (uv“vl) BR (%) 1738 + 0.04 0.00007 0.003 PID, 7 efficiency
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Indirect searches: no stone left unturned

TeV

N. Mora

Granada catalogue: classification of all particles that can couple linearly to SM
particles (dim 6 EFT)

100

30

O

50

10 TeV reach in many cases, just from EWPO !
Indirect searches can set the scale for next collider from EFT measurements

M Universal couplings W Third-gen. only W Flavourless couplings

tree-level ' one-loop (LL RGE)

Scalar S Sl 82 %) =2 El @1 @3
(1’1)0 (1!1)1 (1’1)2 (1!2)% (173)0 (153)1 (174)% (1’4)%
= w1 w2 Wy H1 H7 C
(3, 1)_% (3, l)g (3,1) (3, 2)é (3, 2)% (3,3)_
W Q Q4 T @
(67 1)% (61 1)7§ (6’1)§ (613)§ (81 2)%
Fermion N E Aq Az ¥ >
(171)0 (Ll)—l (112)—% (172)—% (173)0 (173)—1
U D Q1 Qs Q7 Ty Ty
(37 1)% (37 l)Aé (3’ 2)% (3» 2)—% (31 2)% (31 3)—A (37 3)%
Vector B By w Wi g G H Ly
(111)0 (17 1)1 (1’3)0 (173)1 (87 1)0 (87 1)1 (87 3)0 (172)%
£3 uz us Ql QS X yl y5
(172)_% (371)% (3’1)% (3!2)% (3’2)_~ (3a3)§ (672)% (67 2)_-
arxiv:2408.03992

B Bi WW LiBYBIWY G G H Ly Qo Q5 U Us X N V5 /2025
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https://arxiv.org/pdf/2408.03992

Conclusions

e A next generation collider post HL-LHC is needed to solve the mysteries of the SM
o Higgs Factory

o Exploration of 10-TeV energy scales

e Given the long timescales involved for any project, a decision should be taken
soon

o Importance of the ESPPU process
o Both "major” and “intermediate” projects proposed

e Broad support for the FCC-ee as next collider
o Full Higgs Factory programme
o And so much more

o Outstanding physics and challenges for the whole community !

N. Morange (IJCLab) Tokyo, 21/11/2025
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Additional Material



Dark Matter Landscape

2209.07426

hidden
sectors

30 orders of
magnitude in
interaction
strength

Dark Matter-SM Interaction Strength [cm?]

eV keV MeV GeV TeV Mei

30 orders of
magnitude in mass
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New ideas for ultimate precision: a_,,(m._) case

—_— Erler, Ferro-H. [5]
k { Jegerlehner [6]
g é e Daiier et.al. [8]
e Current limiting factor: running from hadronic Bl e
contribution at low energies T —_— PDG aversge [11] |
I —o—1 < 1% exp.® < 0.1%th.
."8 @ f—c—] AR off-peak [14)]
e New proposal: use ratios of e"/e" and p/e G N this work; <</ ofpenk
. al N Re- ¢+ on-peak
measqred at dlfferent angles T 1892 12894 12896 12898 120,
o Different sensitivities to Z and photon exchanges a(sin0i) fsin05]  10°
o Low theory uncertainties I EEaAe_e,---
o Combining the measurements can reduce 10t :A?‘é 1’
e e e . C Re- /- 16
sensitivity to sin 6, e iy
mg | I Combination /:2 mE{
e Even better than direct determination fromA_, x " 1o T8
— g L i =
off-peak (other recent proposal) B =T

—10k

arxiv:2501.05508v1 A

—20 -10 0 10 20
N. Morange (IJCLab) Tokyo, 21/11/2025 5(sin29§g) % 108 4



https://arxiv.org/html/2501.05508v1

Flavour + Higgs + EW as a probe to new physics

H—trat1%
A_at 10

B — Kvvat3%
LFV T/ pat10*

N. Morange (IJCLab)
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