A Global Strategy for Particle Physics

Pierluigi Campana (INFN Frascati, ICFA chair)

Erice Accelerator School, November 30 th 2025

Y 4

[
The opinions reported represent the Chily ihatdoSthefud ICFAtConufiteevi e w, and N ac.11wWorking Group under UMP



AdA(Anello di Accumulazione),

1. What after LHC, and Why the first e+ e collider (Frascati, 1961)
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Current situation of physics

* All the Standard Model (SM) particles were discovered.
* There exist concrete signs of physics beyond SM (BSM):

- Nonzero neutrino masses
- Existence of dark matter 1n the universe
- Absence of antimatter 1n the universe

 There are also a little compelling evidence for BSM:

- — Deviation-of W g—2 Hrom-the SMpredictions— - - — - TH: Lattice vs e+e data analysis
- — Elaveur anomaly m-semileptonte B-meson deeays — -

* Puzzling characteristics of SM
* Mass hierarchy and flavour structure
» Absence of CP violation in strong interactions
* The value of the Higgs mass vis a vis that of top mass,

* By the way, Majorana vs Dirac 1s one of the most important open questions for the
neutrinos.

T. Nakada



e BSM must exist.

* The energy scale for BSM 1s an open question.

=[‘No Lose Theorem” (NLT)|cannot be applied for motivating a new energy frontier
discovery machine, unless 1t reaches up to the Plank scale: — difficult to justify.
LHC (and B factories) was a unique example with NLT, thanks to the well established prediction for SM
Higgs (and CP violation).
=New facilities for precision measurements can still be motivated, thanks to the quantum
loop sensitive to high energy scales (within a “reasonable™ cost).
e.g. W, m, K c, tetc. at low energies and Z, W, H and t at high energies
H and t are least explored, followed by W and Z.

A general agreement on a Higgs Factory to be the next HEP machine.

Other subjects such as v properties, search for feebly interacting particles, etc.
remain to be important.

T. Nakada



Requirements for the next HEP machine

* From pure physics
- Capable of H and t physics complementary to/beyond LHC and HL-LHC
- Capable of Z and W physics beyond currently known
=an e'e collider covering a region of 90-350 GeV centre of mass energy (cme)
* Somewhat physics related 1ssues

- It1s good to start data taking with some overlap with the HL-LHC operation since the results might
influence each other’s scientific programme.

= A machine which can be built within the next 10~15 years.
- Can be upgraded to probe higher energy scales 1f physics result motivates.

- Should not damage the diversity of particle physics activities.
= A machine with a reasonable cost

« HEP sociology

- Continuity in the HEP programme to sustain the community

 Other 1ssues have become increasingly important

- Environmental impact, energy consumption, resource availability, attractivity in technology, impact
on industries, spinoffs, ...

T. Nakada



2020 Update of the European Strategy for Particle Physics

An electron-positron Higgs factory is the highest-priority next collider. [For the
longer term, the European particle physics community has the ambition to operate
a proton-proton collider at the highest achievable energy. Accomplishing these
compelling goals will require innovation and cutting-edge technology:

- the particle physics community should ramp up its R&D effort focused
on advanced accelerator technologies, in particular that for high-field
superconducting magnets, including high-temperature superconductors;

- Europe, together with its international partners, should investigate the
technical and financial feasibility of a future hadron collider at CERN with a
centre-of-mass energy of at least 100 TeV and with an electron-positron Higgs
and electroweak factory as a possible first stage. Such a feasibility study
of the colliders and related infrastructure should be established as a global
endeavour and be completed on the timescale of the next Strategy update.

The timely realisation of the electron-positron International Linear Collider (ILC)
in Japan would be compatible with this strategy and, in that case, the European
particle physics community would wish to collaborate.



P5 Process

Exploring Pathways to Innovation U.S. Particle Physics

the and Discovery _ . :
Quantum in Particle Physics High Energy Physics Advisory
Unlverse Report of the 2023 Particle Physics Project Prioritization Panel Panel (H EPAP)

Construct a portfolio of major projects that collectively study nearly all fundamental constituents of our
universe and their interactions, as well as how those interactions determine both the cosmic past and future.

1. CMB-S4, which looks back at the earliest moments of the universe,
2 Re-envisioned second phase of DUNE with an early implementation of an enhanced 2.1 MW beam
__as the definitive long-baseline neutrino oscillation experiment e+e -
3. Offshore Higgs factory, realized in collaboration with international partners, in order to reveal machine
the secrets of the Higgs boson,
4. Ultimate Generation 3 (G3) dark matter direct detection experiment reaching the neutrino fog, at CERN
5. IceCube-Gen2 for the study of neutrino properties using non-beam neutrinos complementary to DUNE and

for indirect detection of dark matter.

Support a comprehensive effort to develop the resources—theoretical, computational and technologi-
cal—essential to our 20-year vision for the field. This includes an aggressive R&D program that, while
technologically challenging, could yield revolutionary accelerator designs that chart a realistic path to m m

a 10 TeV parton center-of-momentum (pCM) collider. In particular, the muon collider option builds on Fermilab machine

strengths and capabilities and supports our aspiration to host a major collider facility in the US. at FNAL



Update of the European Strategy (2026) ongoing

In March 2024, the CERN Council approved the timeline for the next update of the European Strategy for
Particle Physics with a completion date in June 2026

The proposed timeline is determined by physics (LHC, HL-LHC, results from other colliders) and strategic
considerations:

- Physics landscape: physics results from the LHC and other colliders, HL-LHC upgrades ongoing,
exploration of the Higgs sector remains central

- Excellent progress at CERN and beyond on the preparation for future colliders

* FCC Feasibility Study
(mid-term report presented, excellent progress on the technical side - no showstoppers identified for an FCC-ee as a first
stage of an integrated FCC programme)
Planned to complete the study in March 2025

* Clearer view on the international landscape for future colliders
- ILC in Japan as a global project; so far no commitments
- P5 process in the US (= participation in an off-shore Higgs factory (ILC, FCC-ee)
- Technical Design Report for CEPC in China released in Dec 2023;
Aim for adoption of the project in the next 5-year funding cycle(s) in 2025




2. (ICFA*) Who ever ordered that ?

Bernard Gregory, CERN Director General
(1966-70), and first ICFA chair (1977)

*International Committee for Future Accelerators
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The birth of ICFA

ICFAisaby -product of the I ong standing effyp
American, European and Russian physicists to restart talks and scientific
collaboration during the Cold War.

LAl A A A ALA oA b A .A~.‘

p)
E)
)
)]
4
P)
)
4
[

PTTTTVTTT T TTTIT TR OvTeY
o

In 1953, the US President Eisenhowe r proposed to the UN Assembly, as o DAB()DVMEIIHEH "'”"““"253;
an effort to curb the nuclear arms race, the Atoms for Peace | e — E %
program , set up officially by the Atomic Energy Act of 1954, allowing % g
Americans to pursue cooperative exchantg §§r
peaceful uses of the atom in industry, agriculture, medicine, and @gi
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An Atoms for Peace Conference  was organized in Geneva (1955, 6000 participants !) to invite Western and

Eastern physicists to join the efforts of reopening scientific communication during the Cold War. A nearly

unknown UNESCO body ( IUPAP, International Union for Pure and Applied Physics, 1922 ) was charged
with organizing these efforts.

The novel | wbrddaccealefratoafor Wworld peace 0O was discussed in July 1959 |
Commission on Particles and Fields (C11), and regularly in Rochester Conferences (ICHEP), to consider
guestions related to  international cooperation on particle accelerators



A Study Committee made of American, East and West European scientists was setup to

continue their discussions (September 1959) at CERN. A visit of Krushev (USSR chief of
state) to US in 1960 lead to the signature of the Emelyanov -McCone Agreement , for
simultaneous, reciprocal short -term nexchanges of information and

|l n parti cul ar the tlesign@ma constraceon of &n accelerator of large and novel
type i .

At the 1960 Rochester Conference, Bob Wilson (Fermilab director)

called some 30 leading physicists to an unofficial meeting to

e X p | otlmeeeed of ultrahigh energy accelerators in a world -wide
context 6. One of the meetingds techni

1000 GeV machine was feasible at af
$1 billion.

However, scientific input for a global machine declined in the

| ate 606s and early 706s, and nat.
economically attainable objectives: the 76 GeV at IHEP in

Serpukhov, the 400 GeV FNAL, and the 300 GeV CERN SPS

were built.




In 1975 the international climate seemed again favourable for the world accelerator, and an
international collaboration seminar was held in 1975 in New Orleans, with a paper from
Lederman proposing a 5+5 TeVmachi ne (the VayBigectldrastod 0RAVBA).

Next year, in  Serpukhov, the international collaboration agreed that IUPAP should form an

official subcommittee to organize future meetings. At 1976 Thilisi Rochester Conference, the

IUPAP Commission on Particles and Fields (C -11) agreed to sponsor this new committee,

whi ch was nalmetdertrhat ifon al Commi ttee on Future Acce

ICFA was charged with organizing workshops and

mGEtingS fo StUdy both the VBA and future regional For the provisional first meeting of ICFA the
facilities and collaborations. membership was as follows: J. Adams, G. von

Dardel, and W. Paul from Western Europe;
The first ICFA meeting  was held on 29 August 1977 L. Lederman, V. Weisskopf, and R. Wilson
in Hamburg and B. Gregory was elected 1 st chair. from the USA: V. Dzhelepov, K. Mishnekov
He died soon after, and J. Adams, CERN DG, and V. Yarba from the USSR; K. Lanius from
was nominated new chair. the Dubna member states; Y. Yamaguchi

from "Other Countries" (Japan); and B.
Gregory, ex officio, as Chairman of the IUPAP
Commission. A. Rousset, of France, also
attended as Committee Secretary.



However, as | CFA members refined
time and political intricacies

as if a mirage.

Scientific goals were difficult to fix, and each country regional
plans for higher energy machines were constantly evolving.
While each region continued to express support for the VBA,
national policies and projects determined actual priorities.

Western Europeans at CERN were committed to the SPS and
planning for the LEP (Large Electron - Positron) Collider.

US would have opted, | ater, for
ISABELLE project at ANL.

Further, fascinating, readings

- Wilson, Toward a world accelerator, FNAITM811, 1978

- Goldwasser, Report on ICFA, Proc. ICHEP Tokyo, 1978

- Kolb &Hoddeson, FNALPub, 92/375

- Rubinstein, Int. JMod. Phys. A, 31 (2016) 1630063

- Hof et al., (2025) https:/80i.org/10.1007/s00016-025-00336-x

t he

VBAOGS
diplomatically caused the VBA dream to dissolve into the distance,

technical de

ey A e BINA
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ICFA: mandate & membership

ICFA is an international organization, set up in 1976 under IUPAP -C11(*) sponsorship, in
which discussions can take place on international aspects of particle physics, in particular
the large future accelerators

More formally its aim, as redefined in 1985, is as follows:

ATo promote international collaboration in all phases of the construction and exploitation

of very high energy accelerators

ATo organize regularly world  -inclusive meetings for the exchange of information on future
plans for regional facilities and for the formulation of advice on joint studies and uses

ATo organize workshops for the study of problems related to super high -energy
accelerator complexes and their international exploitation and to foster research and
development of necessary technology

16 Members + 1 chair __: Europe (CERN & member states, 3), USA (3), Japan (2), Russia

(2), Canada (1), China (1), Other Countries (3), IUPAP C11 chair (ex - officio), Scientific
Secretary
A Al | maj or HEP Lab directors are represented (CERN,

(*) IUPAP -C11 Intern. Union for Pure and Applied Physics I Commission Particles and Fields



ICFA Membership: current status

P. Campana (Chair, Frascati)
T. Schorner (Secretary, DESY)

E_Gianotti (CERN), B. Heinemann (DESY), P. Sphicas (CERN & NU Athens), CERN M.S., OTHER COUNTRIES
S. Dasu (U. Wisconsin ), Y.-K. Kim_(FNAL), N. Roe (LBNL), USA
R. Teuscher (Toronto), CANADA

G. Gilda Silveria (UF Rio), LATIN AMERICA

Y. Cao (IHEP ), CHINA
S.
U.
B.
.

Asai (KEK), T. Nakaya (Kyoto), JAPAN
Egede, (Monash), OCEANIA & ASIA
Mohanty (NISER), INDIA

Koop, V. Obraztsov , RUSSIA

ex officio:
M. Gameiro Munhoz (Univ. S. Paulo), Chair of the IUPAP C11

Pagel9



ICFA Panels

ICFA activity is organized in panels on specific topics concerning accelerator and particle

physics, set up to facilitate international discussion and coordination: They organize schools
and workshops on their specific topics and often put out bulletins, newsletters and other

records of their activities.

- Instrument Innovation and Development (chair Stefan Soldner -Rembold, Imperial C. )

- Beam Dynamics (chair Yuan He, Lanzhou)

- Advanced and Novel Accelerators (chair Patric Muggli, CERN & MPI)

- Sustainable Accelerators and Colliders (chair Thomas Roser, BNL)

- Data Lifecycle (chair Kati Lassila - Perini, Helsinki)

- ILC International Development Team (chair Tatsuya Nakada, EPFL), formed in 2002 to facilitate the
realization of the International Linear Collider (ILC), and since 2020 with the mandate to make
preparations for the ILC Pre  -Lab in Japan, which is the next step in the ILC project

Contributing to keep experts in contact through me

accelerator science of future large (and smaller) infrastructures



Recent ICFA Statements

August 2025
- Statement for best practices for data preservation open science in HEP

October 2024

- Statement on the new HEP sub  -group of the Asian Committee for Future Accelerators (ACFA)
- Statement on sustainable programs in HEP

May 2024
- Statement on the importance of testbeam facilities and their availability

April 2024
- Statement on the outcome of the US P5 process

January 2024
- Statement on the new ICFA Panel on the Data Lifecycle

April 2022
- Statement Regarding Higgs Factory Development and the ILC

Page?1



ICFA: role & vision

Al CFA i s not edegde entwkiah will be thé next global collider 0, but to f ol
and endorse projects having reached a high level of scientific and technical definition
consensus, and to help in getting political support

A ICFA is considering the new projects appearing at the horizon with increasing level of
maturity as circular colliders : CEPC and FCC, or linear colliders: ILC and LCF vision

A ICFA, atalevel of reduced resources and political complexity , consider s and promote s,
the set-up of smaller programs at the differents HEP labs, both in collider -based and in
physics beyond collider, to preserve diversity and also education in the field, targeting
especially the young generation

A ICFA meets three times per year, and a triennial ICFA Seminar (2026 in Japan) IS
organised, an international exchange of information on plans for future facilities in
particle physics. The seminar I s attended by the

laboratories in our field, by senior particle and accelerator physicists, and government
science officials from several countries , and by a group of early career researchers



Ottawa, Canada
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Intersecting Storage Rings (ISR) tunnel, CERN (1971)

3a. A Global vision: t he nearterm  collider landscape
ILC -LCF-CLIC , FCC-ee, CEPC



The Golden Age of Colliders

1980-89 1990-99 2000-09 2010-19 2020- é

SPS
TEVATRON
LHC
PEP/PEP Il
SLC
CESR/CESRc
LEP
TRISTAN/KEKB/S-KEKB
BEPC

PETRA
DAFNE

VEPP 4M/2000
HERA

RHIC




Looki ng Agl obal 0O (nticaive, pisFQsfie)c t S

GDP COSIGDP
HERA cost 0.7 G$ W. Germany 1984 (const . start) 0.7 T$ 10 x 10 -4
~20 % non -German contributions
LEP cost 1.4 G$ EU+CH GDP 1984 (const . start) 26 T$ 5x10 -4
LHC cost 5G$ EU+CH GDP 1998 (approvalyear ) 8 .0 T$ 6 x10 -4
benefitting of LEP tunnel + 15% NMS contributions
SSC cost 11 G$ (whencancelled, 1993) US GDP 1993 6.9T$ 16 x 10 -4
FCCee cost 1 4 G$ EU+CH+UK GDP 202 4 24 TS 6 x 10 -4
LCF250 8.5 G$ 3.5 x10 -4
CEPC cost 5G$ China GDP 202 4 19 T$ 2.6 x10 -4
ILC250 cost 5.2 G$ (2017) Japan GDP 202 4 4.0T$ 13 x10-4
A Global projects (=enlarged contributions) and exploitation time of the Research Infrastructures

(=many decades) are further elements in assessing project feasibility
A Note the invariant cost scaling ( wrt GDP) but other sciences now competing for funding



Going linear ( Jp)

I
1o

e+ MainLiinac

ILC (TDR completed in 2013) - Baseline footprint L=20 km (250 GeV), 31 km (500 GeV)

Well tested superconducting RF technology ~ 30 MV/m (XFEL, ESS, LCLS2, PIP II)
Located in Tohoku province (Japan).

International /global (?) project, organized through an International Development Team
(Japan, US, Europe)

Negotiation between partners still ongoing (in fact not progressing since a while)

TDRin 2013 1 Japan site

ILC: 250 GeV 500 GeV
2 abt 4 ab™

5 years 20km tunnel

31km tunnel 40 km tunnel

-*--;---------L.--------Q---------M---------L;_J-----l years

0 10 20 30 40



Going linear (CERN)

ik | CLIC: 380 GeV 1.5 TeV 3 TeV
ML 1.5 ab 2.5 ab? 5 abl
]
29 km tunnel 50 km tunnel

. _B_*-------------------------------------------------------I

Linear Collider Vision 10 20

Linear Collider@CERN 2026-28 TO, TO+5 T1+11

PREPARATION CONSTRUCTION COMM. 250 GEV
CLIC (pre-TDR in 2018)
Based on RF warm technology: 2 acc. options LCF@CERN based on ILC technology and related
- 12 GeV e - drive beam studies i Presentedtothe Europ . Strategy
- X band klystrons Tunnel 33 km

Both aiming at ~70 MV/m - Phase 1 250 GeV SRE

Baseline 380 GeV, L=11 km, 6.0 BSF (2018) - Phase 2 550 GeV SRF or new technologies (C3 ?)

Scalable up to 3 TeV (50 km !)




Going circular

() Fcc

FCC-ee (Z, ZH, tt)
~ 15 BSF

FCC-hh 85 TeV
~+ 19 BSF

RG>

CEPC (Z, ZH, tt)
~5B$

Followed by a hh
machine

Feasibility Study
L ongoing

Project approval by
CERN Council

Construction starts

oV ¢

HL-LHC
ends

Operation of FCC-ge Operation of FCC-hh
(15 years physics exploitation) (~ 20 years of physics exploitation)

TDR in 2023

100km tunnel

CepC: 90/160/240 GeV
100/6/20 ab™

SppC: 75-125 TeV, 10-20 ab™!

2030

2040

2050

2060

POLICY | NEWS

26 October 2025

CEPC matures, but approval is on hold

2070

China decided to postpone
to next five -year plan (2031)
The decision on CEPC
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APlanned e+ e - colliders will deliver ~ O(1%) precision on Higgs couplings
A Circular colliders statistics better as Higgs factory ( ~5:1)
A Beam polarization at LC catches up for smaller luminosity
A At higher energies precision will increase and allow for Higgs self -coupling measurements
AlLinear colliders largely less performant at Z pole (1:1000 in stat ),
partial recovery with polarization , although not competitive with LHCDb-Bellell future data



« Energy is the tool !
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