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Focusing on the future

Outline: 1 Motivation

2 European Strategy for Particle Physics

3 ECFA e+e− Study

4 Physics case for Higgs factory

5 Focus Topics

6 Why (not) FCC ?

This talk includes many contributions from other authors, slides presented at different
conferences and meetings, many plots which I used in my lectures over the last 30 years.
Apologies for missing references...

The way they are presented reflects my personal point of view only...
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Motivation

Some history

1931 Lawrence cyclotron

1945 first synchrotron

1952 strong focusing

AGS @ BNL (33 GeV)

1959 PS @ CERN (25 GeV)

1961 first e+e− collider

principles of operation basically
unchanged since then...

2009 LHC starts (again)
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Motivation

Some history

Rapid development of the particle physics in the second
half of XX century was thanks to many new
accelerators and colliders built in 1970s – 1990s.

Discoveries both at hadron and e+e− machines !

Energies increased by almost 3 orders of magnitude.
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half of XX century was thanks to many new
accelerators and colliders built in 1970s – 1990s.

Discoveries both at hadron and e+e− machines !

Energies increased by almost 3 orders of magnitude.

Unfortunately, sizes, costs and time scales of new
machines increased rapidly as well...

Construction of the next energy frontier collider clearly
requires global consensus and cost sharing...
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Motivation

For this talk

Three events, which happened earlier this year, were a direct motivation for this talk:

Focus topics document published by the physics potential working group
of the ECFA study on Higgs / Top / EW factories arXiv:2401.07564

Future Circular Collider Midterm Report presented at CERN (not public!)

CERN Council decided about the timeline for the next update
of the European Strategy for Particle Physics
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“In the immediate future:
1) the allocation of all necessary resources to fully exploit the unique and pioneering 

LHC facility;
2) continued support for ongoing experiments, since they promise significant 

scientific results, provide an optimal physics return on previous investment, and 
are vital for the education of young physicists;

3) the realization, in as timely a fashion as possible, of a world-wide collaboration 
to construct a high-luminosity e+e- linear collider with an energy range up to at 
least 400 GeV as the next accelerator project in particle physics; decisions 
concerning the chosen technology and the construction site for such a machine
should be made soon;

4) an improved educational programme in the field of accelerator physics and 
increased support for accelerator R&D activity in European universities, national 
facilities and CERN. 

For the long-term:
5) a co-ordinated collaborative R&D effort to determine the feasibility and practical

design of a neutrino factory based on a high-intensity muon storage ring;
6) a co-ordinated world-wide R&D effort should be made to assess the feasibility and

estimate the cost of a 3-5 TeV e+e– linear collider (CLIC), a very large hadron 
collider (VLHC) and a muon collider; in particular, R&D for CLIC is well 
advanced and should be vigorously pursued.”

Recommendations of the 2001 ECFA report

Roy Aleksan

Orsay 2006



Nov 13-15, 2004

The Mission of the GDE
Produce a design for the ILC that includes a detailed design concept,
performance assessments, reliable international costing, an industrialization
plan , siting analysis, as well as detector concepts and scope.
Coordinate worldwide prioritized proposal driven R & D efforts (to
demonstrate and improve the performance, reduce the costs, attain the
required reliability, etc.)

P. Raimondi

Orsay 2006



Parameters for the ILC

• Ecm adjustable from 200 – 500 GeV

• Luminosity  ∫Ldt = 500 fb-1 in 4 years 

• Ability to scan between 200 and 500 GeV
• Energy stability and precision below 0.1%
• Electron polarization of at least 80%

• The machine must be upgradeable to 1 TeV

P. Raimondi

Orsay 2006



European Strategy for Particle Physics

Process

Why did CERN Council decide to take responsibility for the European Strategy?

“Since CERN is an international organization, its Council is composed of government
representatives, so an approval in the CERN Council implies an agreement between
governments. To use the CERN Council as an intergovernmental forum to agree on a Strategy
for the European Research Area has indeed support in the CERN Convention, but this is the
first time that it is acted on.” (CERN web)

The strategy process was approved the 16th of June 2005 by the CERN Council.

An Open Symposium was held in Orsay-Paris on Jan 30 - Feb 1 2006

Community was encouraged to submit input to the strategy (input received)

Draft Strategy document prepared at Zeuthen workshop in May 2006

Unanimously approved by CERN Council on July 14, 2006 in Lisbon.

A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 11 / 82
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The future of HEP hinges on 
the LHC

The future of HEP hinges on 
the LHC

1st mission: look for the Higgs
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Without Higgs                 E < 1.2 TeV

With Higgs mH < 780 GeV

LHC must discover Higgs or New Physics below TeV,

or else unitarity is violatedG.F. Giudice

Orsay 2006
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What screens the Higgs mass?What screens the Higgs mass?

φ → φ + a
no m2φ 2

boson

Spont. broken global 
symm.

ψ → eiaγ 5ψ
no mψ ψ

fermion

Chiral 
symmetry

Aμ → Aμ + ∂μa

no m2Aμ Aμ

vector

Gauge 
symmetry

mH

LITTLE HIGGS

Dynamical EW 
breaking

Delayed 
unitarity violat.

Fundamental 
scale at TeV

• Very fertile field of research
• Different proposals not mutually excluded

SUPERSYMMETRY HIGGS-GAUGE UNIF.

TECHNICOLOR HIGGSLESS EXTRA DIMENSIONS

Symmetry

Dynamics

G.F. Giudice

Orsay 2006
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9

Possible discoveries at LHC with 10 fb-1

inclusive SUSY

with 10 fb-1:

mH > 114.4 GeV

SM/MSSM Higgs

full rangemsq,gl<2-2.5 TeV
in mSugra

di-lepton resonance
(Z’,RS,ZH,…)

m<~3 TeV
dep. on model

more easy… …more challenging
K. Desch

Orsay 2006
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17

1st Summary: LHC+upgrades

• LHC and ATLAS/CMS progressing well. Expect first collisions in 2007.

• First data set with excellent prospects for discoveries (10-30 fb-1)
may be expected for 2009/10. Analysis needs detailed understanding
of detectors and backgrounds.

• SM Higgs, SUSY (-2.5 TeV), di-lepton resonances (-3 TeV) can be
seen within these data.

• Full LHC luminosity allows for discovery of very broad range of
high-pt phenomena and measurements of new particle properties.

• LHC luminosity upgrade (SLHC) increases discovery reach by 
20-30%, better precision for statistically limited processes.

• Energy upgrade (DLHC) has larger discovery reach but represents
a significantly larger effort.

K. Desch

Orsay 2006



40

40

2nd Summary: Lepton Colliders

• Outstanding physics potential for a 90-500-1000 GeV Linear Collider
(top, Higgs-Mechanism, SUSY particles, indirect reach in
multi-TeV region, precision measurements of new+SM processes)

ILC technology is at hands – complete design soon

• CLIC may provide 3-5 TeV collisions. Potential to further increase
direct + indirect mass reach. Physics justification needs TeV-scale
data. Experimentation more difficult. Technology?

• Muon Collider (100 GeV – several TeV). Far future. Physics justification
needs TeV-scale data. Technology?? Experimentation??

K. Desch

Orsay 2006



Strategy Statement

CERN Council 2006



European Strategy for Particle Physics

2013 Strategy Update

In September 2007, CERN Council decided that “At appropriate intervals, at most every 5
years, the European Strategy Session of Council will re-enact the process aimed at updating
the medium and long-term European Strategy for Particle Physics...”

First update started in 2011, final timeline (updated in October 2012):

Kick-off meeting in July 2011 - dedicated session at EPS-HEP 2011, Grenoble

Invitation to submit community input: Feb 2012
deadline: July 2012 (for symposium), October 2012 (for final document)

Open Symposium in Cracow: September 2012

Strategy Workshop in Erice: January 2013

Final approval in Brussels: May 2013

A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 18 / 82



Krakow
Sep 12 G. Dissertori : Experimental Status, HEF

The LHC discovery

16

arXiv:1207.7235v1 [hep-ex] arXiv:1207.7214v1 [hep-ex]

expected and observed p-values....         

ATLAS and CMS: significance driven by the γγ, ZZ and WW channels

besides the excess at 125-126 GeV: 95% CL exclusion of a SM-like Higgs up to ~600 GeV



HIGGS FACTORIES e+e- 

e+ e- 

Linear 

 Colliders 

ILC 
250 GeV 

500 GeV 

CLIC 

250 GeV  + Klystron based 

500 GeV 

> 500 GeV 

Circular 
Colliders 

CERN 

LEP3 at LHC tunnel 

DLEP – New tunnel, 53 km 

TLEP – New  tunnel, 80 km 

Super 

TRISTAN 

250  GeV– 40, 60  km tunnel 

400 

500 12/09/12 Krakow – ESG                                                                     
C.Biscari - "High Energy Accelerators"  



Krakow
Sep 12 G. Dissertori : Experimental Status, HEF 24

We have searched.... 
eg. exclusions plots shown at Moriond QCD 2012....



European Strategy for Particle Physics

2013 Strategy Update

9 listopada 2013 Europejska strategia fizyki cząstek,  A.F.Żarnecki 8

Aktualizacja Strategii 2013
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20/07/2020 Snowmass - High Energy Frontier 3

2020 Strategy Update

Timeline

2 Documents submitted to CERN Council

- 2020 Update of the European Strategy for Particle 
Physics (with preamble, statements, conclusion)  
(brochure)

- Deliberation Document (with in addition rational    
behind the statements) for information 
(brochure)

H. Abramowicz, Snowmass 2020



20/07/2020 Snowmass - High Energy Frontier 8

2020 Strategy Update

High-priority future initiatives
Map of possible future 
facilities submitted as 
input to the Strategy 
Update

Where is the muon collider?

H. Abramowicz, Snowmass 2020



2ICFA Seminar, Hamburg, 30th Nov 2023

2020 Update of the European Strategy for Particle Physics 
The 2020 update of the European Strategy for Particle Physics (ESPP)
has defined the major priorities 

(i)  Full exploitation of the LHC and the High-Luminosity LHC 

(ii)   An electron-positron Higgs factory is the highest-priority next collider

(iii)  Longer term: the European particle physics community has the ambition to operate a 
proton-proton collider at the highest achievable energy

In addition: A diverse programme that is complementary to the energy frontier is an essential part of the   
European particle physics strategy  (Dark Matter, exploration of flavour and fundamental symmetries)
à CERN ”Physics Beyond Colliders” programme, complemented by other European Laboratories

(iv)  Ramp up of R&D effort focused on advanced accelerator technologies, in particular for  
high-field superconducting magnets, including high-temperature superconductors
à Organised by the Lab Directors Group, an Accelerator R&D roadmap should be developed

(v)   Maintain a strong focus on instrumentation
à Organised by ECFA, a Detector R&D Roadmap should be developed

K.Jacobs



ECFA Study
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DESY. | Status of e+e- Higgs Factory Projects | Jenny List, 12 Oct 2023 4

An e+e- Higgs factory is the highest-priority next collider
A clear message from EPPSU — and Snowmass

8 | European Strategy for Particle Physics | 9

High-priority future 
initiatives

$�� $Q�HOHFWURQ�SRVLWURQ�+LJJV�IDFWRU\�LV�WKH�KLJKHVW�SULRULW\�QH[W�FROOLGHU��)RU�WKH�
ORQJHU�WHUP��WKH�(XURSHDQ�SDUWLFOH�SK\VLFV�FRPPXQLW\�KDV�WKH�DPELWLRQ�WR�RSHUDWH�D�
SURWRQ�SURWRQ�FROOLGHU�DW�WKH�KLJKHVW�DFKLHYDEOH�HQHUJ\��$FFRPSOLVKLQJ�WKHVH�FRPSHOOLQJ�
JRDOV�ZLOO�UHTXLUH�LQQRYDWLRQ�DQG�FXWWLQJ�HGJH�WHFKQRORJ\� 
 
• the particle physics community should ramp up its R&D effort focused 
RQ�DGYDQFHG�DFFHOHUDWRU�WHFKQRORJLHV��LQ�SDUWLFXODU�WKDW�IRU�KLJK�ÀHOG�
superconducting magnets, including high-temperature superconductors;  
 
• Europe, together with its international partners, should investigate the technical 
DQG�ÀQDQFLDO�IHDVLELOLW\�RI�D�IXWXUH�KDGURQ�FROOLGHU�DW�&(51�ZLWK�D�FHQWUH�RI�PDVV�
energy of at least 100 TeV and with an electron-positron Higgs and electroweak 
IDFWRU\�DV�D�SRVVLEOH�ÀUVW�VWDJH��6XFK�D�IHDVLELOLW\�VWXG\�RI�WKH�FROOLGHUV�DQG�
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.  

%�� ,QQRYDWLYH�DFFHOHUDWRU�WHFKQRORJ\�XQGHUSLQV�WKH�SK\VLFV�UHDFK�RI�KLJK�HQHUJ\�
DQG�KLJK�LQWHQVLW\�FROOLGHUV��,W�LV�DOVR�D�SRZHUIXO�GULYHU�IRU�PDQ\�DFFHOHUDWRU�EDVHG�
ÀHOGV�RI�VFLHQFH�DQG�LQGXVWU\��7KH�WHFKQRORJLHV�XQGHU�FRQVLGHUDWLRQ�LQFOXGH�KLJK�ÀHOG�
PDJQHWV��KLJK�WHPSHUDWXUH�VXSHUFRQGXFWRUV��SODVPD�ZDNHÀHOG�DFFHOHUDWLRQ�DQG�RWKHU�
KLJK�JUDGLHQW�DFFHOHUDWLQJ�VWUXFWXUHV��EULJKW�PXRQ�EHDPV��HQHUJ\�UHFRYHU\�OLQDFV��
The European particle physics community must intensify accelerator R&D and 
sustain it with adequate resources. A roadmap should prioritise the technology, 
taking into account synergies with international partners and other communities 
such as photon and neutron sources, fusion energy and industry. Deliverables for 
WKLV�GHFDGH�VKRXOG�EH�GHÀQHG�LQ�D�WLPHO\�IDVKLRQ�DQG�FRRUGLQDWHG�DPRQJ�&(51�
and national laboratories and institutes. 

$�� 7KH�TXHVW�IRU�GDUN�PDWWHU�DQG�WKH�H[SORUDWLRQ�RI�ÁDYRXU�DQG�IXQGDPHQWDO�
V\PPHWULHV�DUH�FUXFLDO�FRPSRQHQWV�RI�WKH�VHDUFK�IRU�QHZ�SK\VLFV��7KLV�VHDUFK�FDQ�
EH�GRQH�LQ�PDQ\�ZD\V��IRU�H[DPSOH�WKURXJK�SUHFLVLRQ�PHDVXUHPHQWV�RI�ÁDYRXU�
SK\VLFV�DQG�HOHFWULF�RU�PDJQHWLF�GLSROH�PRPHQWV��DQG�VHDUFKHV�IRU�D[LRQV��GDUN�VHFWRU�
FDQGLGDWHV�DQG�IHHEO\�LQWHUDFWLQJ�SDUWLFOHV��7KHUH�DUH�PDQ\�RSWLRQV�WR�DGGUHVV�VXFK�
SK\VLFV�WRSLFV�LQFOXGLQJ�HQHUJ\�IURQWLHU�FROOLGHUV��DFFHOHUDWRU�DQG�QRQ�DFFHOHUDWRU�
H[SHULPHQWV��$�GLYHUVH�SURJUDPPH�WKDW�LV�FRPSOHPHQWDU\�WR�WKH�HQHUJ\�IURQWLHU�LV�DQ�
HVVHQWLDO�SDUW�RI�WKH�(XURSHDQ�SDUWLFOH�SK\VLFV�6WUDWHJ\��Experiments in such diverse 
areas that offer potential high-impact particle physics programmes at laboratories 
in Europe should be supported, as well as participation in such experiments in 
other regions of the world. 

%�� 7KHRUHWLFDO�SK\VLFV�LV�DQ�HVVHQWLDO�GULYHU�RI�SDUWLFOH�SK\VLFV�WKDW�RSHQV�QHZ��
GDULQJ�OLQHV�RI�UHVHDUFK��PRWLYDWHV�H[SHULPHQWDO�VHDUFKHV�DQG�SURYLGHV�WKH�WRROV�
QHHGHG�WR�IXOO\�H[SORLW�H[SHULPHQWDO�UHVXOWV��,W�DOVR�SOD\V�DQ�LPSRUWDQW�UROH�LQ�FDSWXULQJ�
WKH�LPDJLQDWLRQ�RI�WKH�SXEOLF�DQG�LQVSLULQJ�\RXQJ�UHVHDUFKHUV��7KH�VXFFHVV�RI�WKH�
ÀHOG�GHSHQGV�RQ�GHGLFDWHG�WKHRUHWLFDO�ZRUN�DQG�LQWHQVH�FROODERUDWLRQ�EHWZHHQ�WKH�
WKHRUHWLFDO�DQG�H[SHULPHQWDO�FRPPXQLWLHV��Europe should continue to vigorously 
support a broad programme of theoretical research covering the full spectrum 
of particle physics from abstract to phenomenological topics. The pursuit of 
QHZ�UHVHDUFK�GLUHFWLRQV�VKRXOG�EH�HQFRXUDJHG�DQG�OLQNV�ZLWK�ÀHOGV�VXFK�DV�
cosmology, astroparticle physics, and nuclear physics fostered. Both exploratory 
research and theoretical research with direct impact on experiments should be 
supported, including recognition for the activity of providing and developing 
computational tools. 

&�� �7KH�VXFFHVV�RI�SDUWLFOH�SK\VLFV�H[SHULPHQWV�UHOLHV�RQ�LQQRYDWLYH�
LQVWUXPHQWDWLRQ�DQG�VWDWH�RI�WKH�DUW�LQIUDVWUXFWXUHV��7R�SUHSDUH�DQG�UHDOLVH�IXWXUH�
H[SHULPHQWDO�UHVHDUFK�SURJUDPPHV��WKH�FRPPXQLW\�PXVW�PDLQWDLQ�D�VWURQJ�IRFXV�
RQ�LQVWUXPHQWDWLRQ��Detector R&D programmes and associated infrastructures 
should be supported at CERN, national institutes, laboratories and universities. 
6\QHUJLHV�EHWZHHQ�WKH�QHHGV�RI�GLIIHUHQW�VFLHQWLÀF�ÀHOGV�DQG�LQGXVWU\�VKRXOG�
EH�LGHQWLÀHG�DQG�H[SORLWHG�WR�ERRVW�HIÀFLHQF\�LQ�WKH�GHYHORSPHQW�SURFHVV�DQG�
LQFUHDVH�RSSRUWXQLWLHV�IRU�PRUH�WHFKQRORJ\�WUDQVIHU�EHQHÀWLQJ�VRFLHW\�DW�ODUJH��
Collaborative platforms and consortia must be adequately supported to provide 
FRKHUHQFH�LQ�WKHVH�5	'�DFWLYLWLHV��7KH�FRPPXQLW\�VKRXOG�GHÀQH�D�JOREDO�
detector R&D roadmap that should be used to support proposals at the European 
and national levels.

Other essential scientific 
activities for particle physics

https://europeanstrategyupdate.web.cern.ch/welcome

34 The Future of U.S. Particle Physics: Summary of Snowmass 2021

for e+e� Higgs factories, and CLIC at 3 TeV center-of-mass energy, FCC-hh, SPPC and Muon Collider
for multi-TeV colliders. The EF supports a fast start for construction of an e+e� Higgs Factory
(linear or circular), and a significant R&D program for multi-TeV colliders (hadron and muon).
The realization of a Higgs Factory will require an immediate, vigorous, and targeted Detector
R&D program, while the study towards multi-TeV colliders will need significant and long-term
investments in a broad spectrum of R&D programs for accelerators and detectors.

The EF aims to facilitate U.S. leadership in an innovative, comprehensive, and international program of
collider physics. The timescales to fully realize the EF vision extend to the end of this century, and the
ultimate goals can only be realized if our actions foster a vibrant, diverse, and intellectually rich U.S.
EF community. Maintaining and strengthening such a community is only possible if our plans reflect
the aspirations of and provide a rich set of opportunities for our Early Career physicists. The U.S. EF
community has also expressed renewed interest and ambition to bring back EF collider physics
to U.S. soil, maintaining its international collaborative partnerships and obligations.

The proposed plans in five-year periods starting in 2025 are given below.

For the five-year period starting in 2025:

1. Prioritize the HL-LHC physics program, including auxiliary experiments,

2. Establish a targeted e+e� Higgs Factory Detector R&D program,

3. Develop an initial design for a first-stage TeV-scale Muon Collider in the U.S.,

4. Support critical Detector R&D towards EF multi-TeV colliders.

For the five-year period starting in 2030:

1. Continue strong support for the HL-LHC physics program,

2. Support the construction of an e+e� Higgs Factory,

3. Demonstrate principal risk mitigation for a first-stage TeV-scale Muon Collider.

Plan after 2035:

1. Continuing support of the HL-LHC physics program to the conclusion of archival measurements,

2. Support completing construction and establishing the physics program of the Higgs factory,

3. Demonstrate readiness to construct a first-stage TeV-scale Muon Collider,

4. Ramp up funding support for Detector R&D for energy frontier multi-TeV colliders.

These conclusions were derived from the analyses of the ten Topical Groups in the Energy Frontier, which
were divided into three major areas broadly defined as Electroweak Physics (Higgs-boson physics, top-quark
and heavy-flavor physics, electroweak gauge bosons physics), Strong Interactions (precision QCD, hadronic
structure and forward QCD, heavy ions), and BSM (model-specific explorations, general explorations, dark
matter at colliders), which have focused on three main key questions:

Community Planning Exercise: Snowmass 2021

=> e+e- Higgs factory as highest priority next 

collider re-emphasized in 

 the Snowmass process in the US (2022)



3ECFA kickoff meeting, 18th June 2021                                    

ECFA statement     (endorsed at the Plenary ECFA meeting on 13 July 2020)

" ECFA recognizes the need for the experimental and theoretical communities involved in physics studies, 
experiment designs and detector technologies at future Higgs factories to gather. ECFA supports a 

series of workshops with the aim to share challenges and expertise, to explore synergies in their 

efforts and to respond coherently to this priority in the European Strategy for Particle Physics (ESPP).

Goal: bring the entire e+e- Higgs factory effort together, foster cooperation across various projects, 
collaborative research programmes are to emerge 

" Setting up an International Advisory Committee (IAC) was agreed to be the next step with involvement 

of some RECFA members and European leaders of possible future Higgs factories. In addition the 

(HL)-LHC community should be represented.  

o ECFA-chair would act as chair: Karl Jakobs

o From RECFA: Jean-Claude Brient, Tadeusz Lesiak, Chiara Meroni

o With (HL-)LHC experience: Jorgen D9Hondt, Max Klein, Aleandro Nisati, Roberto Tenchini

o For theory: Christophe Grojean, Andrea Wulzer

o For Linear Colliders: Steinar Stapnes, Juan Fuster, Frank Simon, Aidan Robson

o For Circular Colliders: Alain Blondel, Mogens Dam, Patrick Janot, Guy Wilkinson

o For CERN: Joachim Mnich



Giovanni Marchiori The ECFA study on future e+e- factories - 24/08/2023

• Coordinated by 2 study chief editors: Aidan Robson, recently joined by Christos Leonidopoulos; relies on 3 pillars (working groups):

PED study’s organisation

5

• Inform/provide guidance to detector R&D 
community on needs of future ee factories

• Foster interaction between detector R&D groups 
and future collider PED studies, minimising 
duplication and injecting technological realism 
into conceptual studies

Created June 2021


Conveners: Jorge de Blas, Patrick Koppenburg 
(Juan Alcaraz) Jenny List, Fabio Maltoni,

WG1 
Physics Potential

WG2 
Physics Analysis 

Methods

WG3 
Detector (R&D)

• Collect, compare, harmonise work of different 
project-specific efforts


• Interplay between (HL)-LHC and future Higgs 
factory (e.g. include LHC potential on high-pT 
measurements and EFT interpretations)


• Identify specific topics where concrete work 
should be organised


• Requirements on accuracy in theoretical 
calculations and parametric uncertainties


• ...

Created June 2021


Conveners: Patrizia Azzi, Fulvio 
Piccinini, Dirk Zerwas

• Monte Carlo generators for e+e- precision 
EW/top Higgs factory


• Software framework

• Fast simulation (and its limitations)

• Reconstruction

• …

Created May 2022 (after conclusion of works 
of ECFA Detector Roadmap Task Force) 

Conveners: Mary Cruz Fouz, Giovanni 
Marchiori, Felix Sefkow
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They fall into two classes
Each have their advantages

Circular e+e- Colliders 
• FCCee, CEPC 
• length 250 GeV: 90…100km 
• high luminosity & power efficiency at low 

energies 
• multiple interaction regions 
• very clean: little beamstrahlung etc

Linear Colliders 
• ILC, CLIC, C3, … 

• length 250 GeV: 4…11…20 km 
• high luminosity & power efficiency at high 

energies 
• longitudinally spin-polarised beam(s)

Long-term vision: re-use of tunnel for pp 
collider 
• technical and financial feasibility of required 

magnets still a challenge

Long-term upgrades: energy extendability 
• same technology: by increasing length  
• or by replacing accelerating structures with 

advanced technologies 
• RF cavities with high gradient 
• plasma acceleration ?



ECFA Study

Luminosity vs energy probably not up to date

A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 32 / 82



Frank Simon (frank.simon@kit.edu)News & Input: Higgs Factories - ECFA HF WS, October 2022

Setting the Stage

5

Perspectives of Energy

Thresholds and cross sections set 

collider energy targets:

91.2 GeV - The Z pole

160 GeV - The WW threshold

250 GeV - The ZH maximum

350 GeV - The top threshold,  

                   VBF Higgs production

500 GeV - ttH, ZHH

1+ TeV - VBF double Higgs

Precision electroweak, 

Flavour, QCD, &

Higgs properties & 

couplings

Top properties,  

Top as probe

Direct top Yukawa 

Higgs selfcoupling

Search at the 

energy frontier



Physics case
for Higgs factory

A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 34 / 82



Mystery Higgs sector Snowmass 2021 US Community Study
on the Future of Particle Physics

282 Energy Frontier

Thermal 
History of 
Universe

Higgs 
Physics

Origin of 
EWSB? Higgs Portal 

to Hidden Sectors?

Stability of Universe

CPV and 
Baryogenesis

Origin of masses?

Origin of Flavor?

Is it unique?

Fundamental 
or Composite?

Naturalness

Thermal History of 
Universe

Origin of EWSB?

Figure 6-4. The Higgs boson as the keystone of the Standard Model is connected to numerous fundamental
questions that can be investigated by studying it in detail through the many experimental probes illustrated
in Fig. 6-5.

Figure 6-5. Examples of the interplay between experimental observables and fundamental questions
connected to the Higgs boson.

channels. The Higgs-boson mass is a free parameter in the SM and it is now known to per-mille accuracy.
We are entering the era of precision Higgs physics, with some of the Higgs-boson couplings measurements
approaching O(5-10)% precision. All the major production mechanisms of the SM Higgs boson (h) have
been observed at the LHC: gluon fusion (ggF), vector-boson fusion (VBF), the associated production with a
W or Z boson (Wh, Zh), and the associated production with top quarks (tth, th). All of these channels are
precisely measured, with the experimental sensitivity of some modes nearing the precision of state-of-the-art
theory predictions. Further details of the current LHC measurements at ATLAS and CMS are contained
within the Higgs-physics Topical Group report [14].

A simultaneous fit of many individual production rate times branching-fraction measurements is performed to
determine the values of the Higgs-boson coupling strength. The κ-framework defines a set of parameters (κX
for X = W,Z, . . .) that affect the Higgs-boson coupling strengths without altering the shape of any kinematic
distributions of a given process. SM values (κX =1) are assumed for the coupling strength modifiers of first-
generation fermions, the other coupling strength modifiers are treated independently. The results are shown
in Fig. 6-6 for ATLAS and CMS. In this particular fit, the presence of non-SM particles in the loop-induced

Community Planning Exercise: Snowmass 2021

S.Dittmaier Physics Landscape 2nd ECFA Workshop on e+e– . . . , Paestum, Oct 2023 16



Higgs boson properties 4

 

Production and decays 

=> couplings strengths 

=> Higgs mechanism also for 

lighter fermions? 

spin/CP properties of Higgs boson 

interactions 

=> related to matter-antimatter 

asymmetry in the universe 

H
Mass and width 

=>  related to vacuum 

stability, exotic decays

=> Is it really the Higgs boson of the Standard Model or something else?

See next talk! 
Also for Higgs self-
coupling

Sarah Heim, ICFA Seminar 2023



Higgs physicsHiggs physics

Higgs production

Precision Higgs couplings
measurements at 250/380 GeV

Profit from combining two
production channels:

⇒ model independent analysis

A.F.Żarnecki (University of Warsaw) Physics potential of ILC and CLIC October 11, 2019 29 / 68A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 37 / 82



Higgs physicsHiggs physics

Event reconstruction
In the ZH production channel (dominating below 450 GeV) we can use
“Z-tagging” for unbiased selection of Higgs production events
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Signal
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We avoid any dependence on the Higgs decay channel!

A.F.Żarnecki (University of Warsaw) Physics potential of ILC and CLIC October 11, 2019 30 / 68A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 38 / 82



Couplings to other particles
• from all available production and decay 

measurements in different channels can 
extract couplings 

• deviations expected in many BSM models, 
p.ex.  

• Composite Higgs 

• SUSY Higgs sectors 

• Kappa-framework: 

• assume SM coupling structure 

• define scaling factors 

15
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Nature  607,  
60–68 (2022)

Sarah Heim, ICFA Seminar 2023



Couplings uncertainties at future colliders 18

 

One of the main goals of HL-LHC and beyond
JHEP 01 (2020) 139

M. Cepeda (CIEMAT)  Open Symposium on the Update of European Strategy for Particle Physics  

Kappa-2: allowing BSM and Invisible

�16

- Complementarity 
between HL-LHC and 
lepton colliders: 

- HL-LHC: kt, rare 
decays 

- e+e-: kc 

- Lepton colliders 
benefit from increase 
in CM energies



Higgs physicsHiggs physics

BSM sensitivity
Precision of e+e− colliders allows to distinguish the SM expectations and
other models from the global analysis of the Higgs boson couplings
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-1 + 500 GeV,   4 ab

-1ILC 250 GeV, 2 ab

Higgs and cTGCs
EFT interpretation

arXiv:1710.07621

All considered BSM scenarios can be
identified at ≥ 5σ after full ILC
programme (H-20)

A.F.Żarnecki (University of Warsaw) Physics potential of ILC and CLIC October 11, 2019 34 / 68A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 41 / 82



Higgs physicsHiggs physics

Higgs production

0 1000 2000 3000

 [GeV]s

1−10

1

10

210

 H
X

) 
[fb

]
→ - e+

(eσ
eνeνH

-e+He

ZH

ZHH

Htt

eνeνHH

New channels open above 500 GeV

top Yukawa coupling

Higgs self-coupling

Even more Higgs bosons produced
at TeV energies

rare decay channels

A.F.Żarnecki (University of Warsaw) Physics potential of ILC and CLIC October 11, 2019 36 / 68A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 42 / 82



Top quark physicsTop-quark physics

Processes of interest

 [GeV]s
0 1000 2000 3000

(+
X

))
 [f

b]
t t

→ - e+
(eσ

1−10

1

10

210

310

tt

eνeνtt Htt

Ztt

Top pair-production at and
above the threshold (350 GeV)

top-quark mass

electroweak couplings

rare decays

Additional processes open at
high energies

top Yukawa coupling

CP properties

BSM constraints

A.F.Żarnecki (University of Warsaw) Physics potential of ILC and CLIC October 11, 2019 41 / 68A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 43 / 82



Top quark physicsTop-quark mass

Threshold scan
Top pair production cross section around threshold:

resonance-like structure corresponding to narrow tt̄ bound state.
Very sensitive to top properties and model parameters:

 [GeV]s
340 345 350

) 
[p

b]
t t

→- e+
(eσ

0
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0.6

0.8

1

1.2

1.4
 171.5 GeVPS

t threshold - mtt
QQbar_threshold 1.0 NNNLO
ISR only
CLIC 350 GeV Nominal
CLIC 350 GeV LowCharge

CLICdp

top quark mass mt

top quark width Γt

strong coupling αs

top Yukawa coupling yt

Significant cross section smearing due to luminosity spectra and ISR

Smearing due to luminosity spectra can be reduced by using dedicated running configuration

A.F.Żarnecki (University of Warsaw) Physics potential of ILC and CLIC October 11, 2019 42 / 68A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 44 / 82



Top quark physicsTop-quark physics

Top-quark pair production

Pair production provides direct access to
top electroweak couplings

Possible higher order corrections
⇒ sensitive to “new physics” contribution

New physics effects can be constrained through measurement of:

total cross-section

forward-backward asymmetry

helicity angle distribution in top decays

Additional constraints obtained by:

using electron (and positron) beam polarisation

measurements at different
√
s

A.F.Żarnecki (University of Warsaw) Physics potential of ILC and CLIC October 11, 2019 48 / 68A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 45 / 82



Top quark physicsTop-quark physics

Top EW couplings
Expected sensitivity to electroweak couplings of the top quark

CP-conserving form factors
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Phys.Rev.D73 (2006) 034016, Phys.Rev.D71 (2005) 054013

-1 = 14 TeV, L = 3000 fbsHL-LHC, 

-1 = 500 GeV, L = 500 fbsILC initial, 

-1 = 500 GeV, L = 4000 fbsILC nominal, 

-1 = 380 GeV, L = 500 fbsCLIC initial, 

-1 = 3 TeV, L = 3000 fbsCLIC, 

arXiv:1710.06737
A.F.Żarnecki (University of Warsaw) Physics potential of ILC and CLIC October 11, 2019 50 / 68A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 46 / 82



BSM physicsBSM physics

Two complementary approaches

Strong limits expected at
HL-LHC for many
scenarios.

Complementary
searches at LC:

direct searches
models with weak
couplings or soft
signatures

indirect searches
high sensitivity

CLIC CDR

A.F.Żarnecki (University of Warsaw) Physics potential of ILC and CLIC October 11, 2019 53 / 68A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 47 / 82



BSM physicsBSM physics

Dark Matter searches

Comparison of extracted mediator mass limits

ILC/CLIC mass reach comparable with that of FCC-hh !!!

A.F.Żarnecki (University of Warsaw) Physics potential of ILC and CLIC October 11, 2019 62 / 68A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 48 / 82



Focus Topics
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10Aidan Robson

Focus Topics

LCWS23

Main aims of the ECFA study are to bring people together (across projects)
and to attract more people (e.g. LHC) into the community

–> we have been developing a set of ‘focus topics’ through bottom-up 
discussions to provide concrete entry points for contributions

– highlight areas of shared interest across projects
– draw attention to aspects from all three WGs
– build on previous studies where there is 

interesting new scientific work to be done

–> promote enhanced cooperation and new engagement
– develop common code / tools / datasets and person-skills that will have 

a wider application/impact, beyond the focus topics themselves



J.List | ILD for Higgs Factories and beyond | CERN | Jan 16, 2024 4

Focus Topic Overview
Many of you contributed - many thanks!

•  started with a list of topics, iterated with IAC
•  formed “Expert Team” for each topic

• charge:
• capture state-of-the-art (science / tools)
• define future work needed

=> “Focus Topic Document” arXiv:2401.0xxx  
submitted yesterday - but will only appear tomorrow: 
“Apparently there was some sort of arxiv holiday yesterday 
(Martin Luther King day) which delays the announcement to 
tomorrow. Just annoying for Jenny who won't have an id for her 
talk at ILD today.”

• ILD contributed a lot  
=> should be well aligned with ILD plans

•  NOW: 
• FORM TEAMS who actually DO THE WORK
• ideal point in time for new students etc to join!
• check out https://gitlab.in2p3.fr/ecfa-study/ECFA-HiggsTopEW-Factories/-/wikis/FocusTopics for “living” information
• never hesitate to contact Jenny and/or Filip!



ECFA Focus topics

1 HtoSS – e+e− → Zh: h → ss (
√
s = 240/250 GeV)

2 ZHang – Zh angular distributions and CP studies
3 Hself – Determination of the Higgs self-coupling
4 Wmass – Mass and width of the W boson ...
5 WWdiff – Full studies of WW and eνW
6 TTthres – Top threshold: Detector-level simulation study of e+e− → tt̄ ...
7 LUMI – Precision of the luminosity measurement
8 EXscalar – New exotic scalars
9 LLPs – Long-lived particles
10 EXtt – Exotic top decays
11 CKMWW – CKM matrix elements from W decays
12 BKtautau – B0 → K 0∗τ+τ−

13 TwoF – EW precision: 2-fermion final states (
√
s = MZ and beyond)

14 BCfrag and Gsplit – Heavy quark fragmentation and hadronisation, gluon splitting...
A.F.Żarnecki Priorities for the future analyses in ILD January 17, 2024 21 / 22



Caterina Vernieri ・ ECFA Workshop・ October 11, 2023 

Tagging strange is a challenging but not impossible task for future detectors at e+e- 

s-tagging

6

• As b,c, and s jets contain at least one strange hadron
• Strange quarks mostly hadronize to prompt kaons which 

carry a large fraction of the jet momentum
• Strange hadron reconstruction:

• K± PID
• K0L  PF (neutral)
• K0S → π+π- (~70%) / π0π0 (~30%)
• Λ0→ pπ- (~65%)

u, d 

c b

s
K

K K

Distinctive two-prong 
vertices topology

2101.04119
2203.07535HtoSS – e+e− → Zh h → ss̄



ECFA  Higgs/EW/Top workshop@ Paestum, October 2023                                        ZHang-Group

Focus Topic: ZHang - CP 

1

• Determination of ZH couplings 

• Access to CP-properties of H 

  Why important? Are there additional sources for CP violation in Higgs sector? 

Baryogenesis: creation of the asymmetry between matter and anti- matter in the 
universe requires a strong first-order electroweak phase transition (EWPT) 
First-order EWPT does not work in the SM 
The amount of CP violation in the SM (induced by the CKM phase) is not sufficient to 
explain the observed asymmetry between matter and anti-matter in the universe  

First-order EWPT can be realised in extended Higgs sectors could give rise to 
detectable gravitational wave signal  

                      ⇒ Search for additional sources of CP violation  

But: strong experimental constraints from limits on electric dipole moments (EDMs) 



2

[Physics Briefing Book]λHHH: Starting point - ESU 2020

• two approaches: di-
Higgs & single-Higgs 

• based on global 
SMEFT fits 

• HL-LHC di-Higgs 
contribution was 
always combined

H

H
H

ν

ν−e+

e−Z

H

Z
H

He+

e−

σHH ~ O(0.1) fb δσZH ~ O(1%)

Higgs self-coupling
Junping Tian @ ILD2024



7

LABS – previous(ongoing) ILC/ILD work 

15-17 January 2024, CERN

- (133) A. Stahl, Luminosity measurement via Bhabha scattering: Precision requirements for the luminosity 
calorimeter, LCDET2005004, Apr 2005 (2005). – a dedicated study on metrology at ILC energies needed  
- H. Abramowicz, Forward instrumentation for ILC detectors, Journal of Instrumentation 5 (2010) P12002 
(physics background, detector design and performance), arXiv:1009.2433
- I. Bozovic Jelisavcic et al., Luminosity measurement at ILC, JINST 8 (2013) P08012, arXiv:1304.4082
(correction of the beam-induced effects)

LUMI – Precision of the luminosity measurement, I. Bozovic Jelisavcic @ ILD2024



EXscalar - new exotic scalars

Motivation

Precision Higgs measurements are clearly the primary target for future Higgs factory.
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At 250 GeV we will focus on H125 production

But production of additional, light exotic scalar states is
still not excluded by the existing data!

A.F.Żarnecki (University of Warsaw) EXscalar + LLPs @ ILD ILD’2024 16.01.2024 2 / 11
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EXscalar - new exotic scalars

Existing results

New scalar search in scalar-strahlung process
arXiv:1902.06118 arXiv:2005.06265

Search independent on the scalar decay:
e+e− → Z S0 → µ+µ− + X

New scalar production in 125 GeV Higgs decays
⇒ sensitivity via invisible decays
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Expected 95% C.L. limit for 2 ab−1 collected at
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arXiv:2002.12048

A.F.Żarnecki (University of Warsaw) EXscalar + LLPs @ ILD ILD’2024 16.01.2024 5 / 11



EXscalar - new exotic scalars

Status and plans

First results on σ(e+e− → Z S) · BR(S → ττ) sensitivity (DELPHES)

compared with presented benchmark point selections...

A.F.Żarnecki (University of Warsaw) EXscalar + LLPs @ ILD ILD’2024 16.01.2024 7 / 11



LLPs - Long Lived Particles

Motivation
New long-lived particles (LLPs) could provide answers to many open questions of the SM.

Possible scenarios:

Heavy Neutral Leptons (HNLs)

Axion-Like Particles (ALPs)

exotic decays of the Higgs boson

...

Possible signatures:

Phil. Trans. R. Soc. A.377: 20190047
A.F.Żarnecki (University of Warsaw) EXscalar + LLPs @ ILD ILD’2024 16.01.2024 8 / 11



LLPs - Long Lived Particles

Status and plans
Expected cross section limits for processes with single displaced vertex (work in progress)

Heavy scalars (IDM) Light pseudoscalar (ALP)

J.Klamka, S&A meeting, Dec 6, 2023

A.F.Żarnecki (University of Warsaw) EXscalar + LLPs @ ILD ILD’2024 16.01.2024 11 / 11



Oct. 11 2023 - Roberto Franceschini - 2nd ECFA workshop on the physics of the Higgs Electroweak Top factory -  https://agenda.infn.it/event/34841/ 

Top quark decay
Traditional topic for top factories is the possibility of BSM decays 

Especially when the direct reach was limited (e.g. LEP and TeVatron times) the top quark might 
have been our “window” to new physics

e.g.  in MSSM or general 2HDMt → H+b e.g.  in MSSM or general 2HDM and many other models t → Vq

Such light  is hardly tenable* these days. The possibility of flavor violation, instead, is more subtle.H+



Oct. 11 2023 - Roberto Franceschini - 2nd ECFA workshop on the physics of the Higgs Electroweak Top factory -  https://agenda.infn.it/event/34841/ 

 t → aui, a → uu, cc, uc
2101.07803, 2202.09371 - Carmona,  Elahi, Scherb, Schwaller
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Figure 2. The Feynman diagrams representing top + ALP production at the LHC.

to the resemblance between a light quark jet and a b-jet, however, FCNC top coupling
searches are usually focused on exotic top quark productions,1 in the form of a single top
plus X searches. In the following, we will narrow our attention to top + jets and single top
production to find the current bounds. That is because if the ALP decays at the scale of
the detector length, then the final state becomes top + jets, while if the ALP leaves the
detector before decaying, then the signature becomes a single top.

3.2 Recast of searches for exotic top decays

One of the dominant processes at the LHC involving the charming ALP is its production
in association with a single top. The main diagrams for top + ALP production are shown
in figure 2. Knowing that for the mass range of our interest the ALP mainly decays
hadronically, top + jets searches can impose some constraints on ALP couplings. The
CMS experiment has conducted a search in the top+jet channel probing the anomalous
tqg coupling [65]. Specifically, they looked for a leptonic top in association with one or
two jets, where at least one of them fails the b-tagging secondary vertex algorithm. This
algorithm selects jets with 0.01 cm < r < 2.5 cm, where r is the radial distance between
the secondary vertex and the primary vertex [72]. Since in this search, they want a jet
that fails the b-tagging algorithm, and gluon and light quark jets tend to have prompt
vertices, it is clear that r < 0.01 cm is considered in their search. However, it is unclear
whether r > 2.5 cm is considered in their search. To stay conservative, we will assume
that jets with 2.5 cm < r < 2m are not rejected,2 and we recast the results accordingly.
Given that the upper limit on the cross section of new physics contributing to pp→ t+ j is
σtj ≃ 0.29 pb at

√
s = 13TeV [73], an upper limit on (cuR)3q /fa with q = u, c can be found

using MadGraph5 [74]. Then, using eq. (2.3), this can be converted into an upper limit on
Br(t → aq). In deriving this limit, we have to take into account the probability that the
ALP decays such that it is (most likely) accepted by the search. For prompt decays with
r < 0.01, the efficiency factor is

∫ 10−4 m

0
(γcτALP)−1e

− ct
γcτALP d(ct) , (3.1)

where γ = pT /ma is the boost factor along the transverse direction. The MC generated
events were weighted according to the boost factor. Similarly, for ALPs that decay in the

1In cases where exotic top decays have been studied, the properties of X (mass, decay products, etc)
are used to tease out the signal [56–58, 61–63].

2If the ALP has not decayed by the hadronic calorimeter (r ≃ 2m), it cannot be detected as a normal jet.

– 5 –

J
H
E
P
0
8
(
2
0
2
1
)
1
2
1

where one typically assumes that fa < Λ. At the end of the day, such term in the Lagrangian
will generate interactions like (2.4)

− ia
fa
q̄LiH̃uRjn

u
j = − ia

fa
q̄LiH̃uRj(Yu)ijnuj , (B.3)

where Yu is the effective up Yukawa matrix,

(Yu)ij = (yu)ij
(
fa
Λ

)nuj
. (B.4)

If we assume that (yu)ij = O(1) and take fa/Λ = ϵ ∼ mc/mt, we can get the correct up
quark masses by choosing nu = (2, 1, 0) since

(mu,mc,mt) ∼
1√
2
v (ϵ2, ϵ, 1) (B.5)

and
mu

mt
∼ ϵ2, mc

mt
∼ ϵ. (B.6)

In this case, we can diagonalize Yu by making

uR → Uu
RuR, uL → Uu

LuL, (B.7)

with

Uu
R ∼

⎛
⎜⎝
1 ϵ ϵ2

ϵ 1 ϵ

ϵ2 ϵ 1

⎞
⎟⎠ , (Uu

L)ij ∼ O(1). (B.8)

This leads, after going to the basis where Yu is diagonal to

cuR ∼

⎛
⎜⎝

2 3ϵ 3ϵ2
3ϵ 1 ϵ

3ϵ2 ϵ ϵ2

⎞
⎟⎠ . (B.9)

C ALP couplings to nucleons

The leading order ALP couplings with nucleons can be read from the following La-
grangian [34, 124–126]

Lint =
(
∂µa

4fa

){
Tr((ĉ+κqcg)λa)

(
F Tr

(
B̄γµγ5 [λa,B]

)
+DTr

(
B̄ γµγ5 {λa,B}

))

+1
3Tr(ĉ+κqcg) STr

(
B̄ γµγ5B

)
+Tr((ĉ+κqcg)λa)Tr

(
B̄ γµ [λa,B]

)}
(C.1)

where B is the baryon matrix

B = 1√
2
Baλa =

⎛
⎜⎜⎝

Σ0√
2 + Λ√

6 Σ+ p

Σ− −Σ0√
2 + Λ√

6 n

Ξ− Ξ0 − 2Λ√
6

⎞
⎟⎟⎠ , (C.2)
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flavoured portal imprints the Standard Model (SM) flavour structure on the dark sector,
leading to a variety of new phenomena [5, 6].

So far only couplings to down-type quarks were considered in this context, therefore it
is natural to ask what new aspects arise if the portal couples to up-type quarks instead.1
The key feature in this case is the emergence of a light pseudo Nambu-Goldstone boson
(pNGB) which dominantly couples to up-type quarks, which we therefore dub a charming
ALP, and which describes the phenomenology of the up-flavoured portal at low energies.

Our main goal in this work is to develop the effective theory of the charming ALP and
its phenomenological profile, independently of its embedding in different UV scenarios.
Besides QCD-like dark sectors [5, 10–12, 12, 13], these particles can arise e.g. in specific
Froggatt-Nielsen (FN) models [14] where only right-handed (RH) up-quarks have non-zero
charges. The different UV completions provide some guidance for the structure of the
effective couplings, which we use to define benchmark scenarios for the charming ALP.

We will study the phenomenology of these different benchmark models through their
low-energy effective field theory (EFT), taking into account the effects of QCD confinement
for low enough ALP masses. A lot of work has been done in this arena, see e.g [15–21] for
the study of ALP collider signatures, [22–24] and [25–27] for the study of flavour-changing
neutral currents (FCNCs) in the quark and lepton sector, respectively, as well as [28–31]
for the calculation of the one-loop running. It is worth to mention also [32, 33] regarding
CP-violating probes of ALPs.

The work is organized as follows: we introduce the effective Lagrangian describing
the charming ALPs and motivate briefly the four particular benchmarks models studied in
this work in section 2. In section 3 we examine the different flavour constraints relevant
for charming ALPs. More specifically, we consider D − D̄ mixing, exotic decays of D,
B and K mesons as well as the decay J/ψ → aγ. We discuss the bounds arising from
astrophysical observables and cosmology in section 4, describing also the different ALP
decay channels. In section 5 we study the different collider probes on the models at hand,
including upcoming fix-target experiments as well as those at LHC forward detectors. We
combine all these different bounds and discuss the resulting constraints on the parameter
space of the models in section 6. We conclude in section 7. Finally, we present in some
detail the particular UV completions considered in this work in appendices A and B.

2 Charming ALP EFT

We consider a general ALP, i.e. a pNGB which we will denote a, with flavour-violating
couplings to RH up-quarks. The most general EFT describing such a system is given by
the following Lagrangian [34, 35]

L = 1
2(∂µa)(∂

µa)− m2
a

2 a2 + ∂µa

fa

[
(cuR)ij ūRiγµuRj + cHH

†i
←→
DµH

]

− a

fa

[
cg

g2
3

32π2G
a
µνG̃

µνa + cW
g2
2

32π2W
I
µνW̃

µνI + cB
g2
1

32π2BµνB̃
µν

]
, (2.1)

1Simple DM models which dominantly couple to up-type quarks were also studied e.g. in [7–9].
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Figure 1. Left: ALP decay branching ratios as a function of the ALP mass ma for fa = 106 GeV.
The dashed lines show the contributions to the hadronic channel. Right: lifetime of the ALP as a
function of the ALP mass. The blue, orange and green lines show Br(t → aq) = 10−1, 10−4 and
10−8, respectively. Solid, dashed and dotted lines refer to (cuR)ii/(cuR)3q = 1, 0.1 and 10.

seen in figure 1, where we plot the different ALP branching ratios as a function of the ALP
mass ma for (cuR)12 = 0 = (cuR)21 and (cuR)ij = 1 otherwise, as well as fa = 106 GeV.
Loop-generated decays like a → µ+µ−, a → gg or a → γγ have been computed using
the expressions present in ref. [40] and we have used the quark-hadron duality [42, 43] to
compute the inclusive hadronic decay rate. When a → c̄c is not kinematically allowed,
a→ gg tends to dominate the ALP branching ratio. This channel also dominates for large
enough values of the ALP mass, since the loop generated vector boson decays grow as m3

a

while the fermionic decay widths are linear in the ALP mass.
One should note that the RGE-induced decays into two fermions are logarithmically

sensitive to the scale of the matching Λ ∼ fa, so smaller values of fa will reduce their
relative impact. Small enough values of (cuR)12 and (cuR)21 are required in order to evade
constraints from D̄0 − D0 mixing. For values of ma below 1GeV, one would need to use
chiral perturbation theory instead of perturbative QCD but we focus here on the case
ma ! 1GeV that is much less constrained by current searches (see results of ref. [40]).

Light particles that mainly decay to hadrons are difficult to find at hadron colliders
such as the LHC, due to the large amount of hadronic background events. Two features
of our scenario will make such a search possible however, namely the presence of flavour
violating decays in the up-quark sector and the possibly long lifetime of the ALP. Since
neutral meson mixing requires (cuR)12 and (cuR)21 to be extraordinarily small, a novel and
interesting way of searching for ALPs at colliders is to concentrate on flavour-violating top
decays involving long-lived ALPs. As can be seen from the right panel of figure 1, the
ALPs decay length can easily reach the typical length scales of LHC detectors for masses
in the 1GeV–10GeV range. To simplify the parameter space, the couplings are chosen as
(cuR)ii ≡ (cuR)11 = (cuR)22 = (cuR)33 and (cuR)3q ≡ (cuR)13 = (cuR)23 = (cuR)31 = (cuR)32.
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seen in figure 1, where we plot the different ALP branching ratios as a function of the ALP
mass ma for (cuR)12 = 0 = (cuR)21 and (cuR)ij = 1 otherwise, as well as fa = 106 GeV.
Loop-generated decays like a → µ+µ−, a → gg or a → γγ have been computed using
the expressions present in ref. [40] and we have used the quark-hadron duality [42, 43] to
compute the inclusive hadronic decay rate. When a → c̄c is not kinematically allowed,
a→ gg tends to dominate the ALP branching ratio. This channel also dominates for large
enough values of the ALP mass, since the loop generated vector boson decays grow as m3
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while the fermionic decay widths are linear in the ALP mass.
One should note that the RGE-induced decays into two fermions are logarithmically

sensitive to the scale of the matching Λ ∼ fa, so smaller values of fa will reduce their
relative impact. Small enough values of (cuR)12 and (cuR)21 are required in order to evade
constraints from D̄0 − D0 mixing. For values of ma below 1GeV, one would need to use
chiral perturbation theory instead of perturbative QCD but we focus here on the case
ma ! 1GeV that is much less constrained by current searches (see results of ref. [40]).

Light particles that mainly decay to hadrons are difficult to find at hadron colliders
such as the LHC, due to the large amount of hadronic background events. Two features
of our scenario will make such a search possible however, namely the presence of flavour
violating decays in the up-quark sector and the possibly long lifetime of the ALP. Since
neutral meson mixing requires (cuR)12 and (cuR)21 to be extraordinarily small, a novel and
interesting way of searching for ALPs at colliders is to concentrate on flavour-violating top
decays involving long-lived ALPs. As can be seen from the right panel of figure 1, the
ALPs decay length can easily reach the typical length scales of LHC detectors for masses
in the 1GeV–10GeV range. To simplify the parameter space, the couplings are chosen as
(cuR)ii ≡ (cuR)11 = (cuR)22 = (cuR)33 and (cuR)3q ≡ (cuR)13 = (cuR)23 = (cuR)31 = (cuR)32.
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<latexit sha1_base64="MoebJ3daadQTFHUEUAAmP8BJZcE=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJdN3dwU3LivYh7RDyaSZNjbJDElGKEO/wo0LRdz6Oe78GzNtBRU9EDiccy+55/gRZ9og9OGsrW9sbm1ndrK7e/sHh7mj444OY0Vom4Q8VD0fa8qZpG3DDKe9SFEsfE67/vQy9bv3VGkWyhszi6gn8FiygBFsrHQbRXBgQmjuhrk8KqBqpVFCEBUqyK01GpYgVK2XitC1JEUerNAa5t4Ho5DEgkpDONa676LIeAlWhhFO59lBrGmEyRSPad9SiQXVXrI4eA7PrTKCQajskwYu1O8bCRZaz4RvJwU2E/3bS8W/vH5sgrqXMBnFhkqy/CiIOUwz2vRwxBQlhs8swUQxeyskE6wwMbajrC3hKyn8n3SKBbdUKF6X883yqo4MOAVn4AK4oAaa4Aq0QBsQIMADeALPjnIenRfndTm65qx2TsAPOG+ftCyQUA==</latexit>
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<latexit sha1_base64="n67yrXK3D5a/PQnOTrPgLPH8k9g="></latexit>
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<latexit sha1_base64="MW1pk0OBmm+AusSFMzGTNWpG3dk=">AAACA3icdVBNS8NAEN34WetX1ZteFougl5Kkweqt4MWjglWhKWWz2bRLN5uwOxFLKHjxr3jxoIhX/4Q3/42btoKKPhh4vDfDzLwgFVyDbX9YM7Nz8wuLpaXy8srq2nplY/NSJ5mirEUTkajrgGgmuGQt4CDYdaoYiQPBroLBSeFf3TCleSIvYJiyTkx6kkecEjBSt7LtA7uF/JSEKpEj7ON9F/ua92Jy0K1U7drx0aHrHWK7ZtsNx3UK4ja8uocdoxSooinOupV3P0xoFjMJVBCt246dQicnCjgVbFT2M81SQgekx9qGShIz3cnHP4zwnlFCHCXKlAQ8Vr9P5CTWehgHpjMm0Ne/vUL8y2tnEB11ci7TDJikk0VRJjAkuAgEh1wxCmJoCKGKm1sx7RNFKJjYyiaEr0/x/+TSrTn1mnvuVZveNI4S2kG7aB85qIGa6BSdoRai6A49oCf0bN1bj9aL9TppnbGmM1voB6y3T/Rqlwg=</latexit>

tu
a

<latexit sha1_base64="JXtybJa+AjqwcakH9NBfof+HjIs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eZSjOVhperW3BxknXgFqUKB1rDyNRiFNJZMWSrQmL7nRtZPUFtOBVuUB7FhEdIZTlg/pQolM36S37ogl6kyIuNQp6UsydXfEwlKY+YySDsl2qlZ9TLxP68f2/Gtn3AVxZYpulw0jgWxIckeJyOuGbVinhKkmqe3EjpFjdSm8WQheKsvr5NOveZd1+oPjWqzUcRRgnO4gCvw4AaacA8taAOFKTzDK7w50nlx3p2PZeuGU8ycwR84nz+iOI3s</latexit>
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a

<latexit sha1_base64="JXtybJa+AjqwcakH9NBfof+HjIs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eZSjOVhperW3BxknXgFqUKB1rDyNRiFNJZMWSrQmL7nRtZPUFtOBVuUB7FhEdIZTlg/pQolM36S37ogl6kyIuNQp6UsydXfEwlKY+YySDsl2qlZ9TLxP68f2/Gtn3AVxZYpulw0jgWxIckeJyOuGbVinhKkmqe3EjpFjdSm8WQheKsvr5NOveZd1+oPjWqzUcRRgnO4gCvw4AaacA8taAOFKTzDK7w50nlx3p2PZeuGU8ycwR84nz+iOI3s</latexit>

tc
a

<latexit sha1_base64="9rQ1hb2O/5VpDj0uSlQJHO3gY4I=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eYSxfKwUnVrbg6yTryCVKFAa1j5GoxCGkumLBVoTN9zI+snqC2ngi3Kg9iwCOkMJ6yfUoWSGT/Jb12Qy1QZkXGo01KW5OrviQSlMXMZpJ0S7dSsepn4n9eP7fjWT7iKYssUXS4ax4LYkGSPkxHXjFoxTwlSzdNbCZ2iRmrTeLIQvNWX10mnXvOua/WHRrXZKOIowTlcwBV4cANNuIcWtIHCFJ7hFd4c6bw4787HsnXDKWbO4A+czx+GzI3a</latexit>
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a

<latexit sha1_base64="9rQ1hb2O/5VpDj0uSlQJHO3gY4I=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eYSxfKwUnVrbg6yTryCVKFAa1j5GoxCGkumLBVoTN9zI+snqC2ngi3Kg9iwCOkMJ6yfUoWSGT/Jb12Qy1QZkXGo01KW5OrviQSlMXMZpJ0S7dSsepn4n9eP7fjWT7iKYssUXS4ax4LYkGSPkxHXjFoxTwlSzdNbCZ2iRmrTeLIQvNWX10mnXvOua/WHRrXZKOIowTlcwBV4cANNuIcWtIHCFJ7hFd4c6bw4787HsnXDKWbO4A+czx+GzI3a</latexit>
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<latexit sha1_base64="MoebJ3daadQTFHUEUAAmP8BJZcE=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJdN3dwU3LivYh7RDyaSZNjbJDElGKEO/wo0LRdz6Oe78GzNtBRU9EDiccy+55/gRZ9og9OGsrW9sbm1ndrK7e/sHh7mj444OY0Vom4Q8VD0fa8qZpG3DDKe9SFEsfE67/vQy9bv3VGkWyhszi6gn8FiygBFsrHQbRXBgQmjuhrk8KqBqpVFCEBUqyK01GpYgVK2XitC1JEUerNAa5t4Ho5DEgkpDONa676LIeAlWhhFO59lBrGmEyRSPad9SiQXVXrI4eA7PrTKCQajskwYu1O8bCRZaz4RvJwU2E/3bS8W/vH5sgrqXMBnFhkqy/CiIOUwz2vRwxBQlhs8swUQxeyskE6wwMbajrC3hKyn8n3SKBbdUKF6X883yqo4MOAVn4AK4oAaa4Aq0QBsQIMADeALPjnIenRfndTm65qx2TsAPOG+ftCyQUA==</latexit>

L = 350fb−1
<latexit sha1_base64="UK3wyWgJtSoVHfWTDM+d6OWQ+0c=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwMewmEW2EgI2FRQTzgOwaZiezyZDZBzN3xbBsa+Ov2FgoYusf2Pk3Th6FJh64cDjnXu69x4sFV2BZ30ZuaXlldS2/XtjY3NreMXf3mipKJGUNGolItj2imOAhawAHwdqxZCTwBGt5w8ux37pnUvEovIVRzNyA9EPuc0pAS10TOwGBASUivc7wBa6cWtgB9gCp72V36Ymddc2iVbImwIvEnpEimqHeNb+cXkSTgIVABVGqY1sxuCmRwKlgWcFJFIsJHZI+62gakoApN518kuEjrfSwH0ldIeCJ+nsiJYFSo8DTneO71bw3Fv/zOgn4527KwzgBFtLpIj8RGCI8jgX3uGQUxEgTQiXXt2I6IJJQ0OEVdAj2/MuLpFku2ZVS+aZarFVnceTRATpEx8hGZ6iGrlAdNRBFj+gZvaI348l4Md6Nj2lrzpjN7KM/MD5/AOVtmSU=</latexit>
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<latexit sha1_base64="sVDvLJ93H1Nk6di7+tgiJtNzYLI="></latexit>
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<latexit sha1_base64="UpkE4nvLXf0goytyqLc63osujOE="></latexit>

ma = 10 GeV
<latexit sha1_base64="p61g/pyuyhOeWxz+XKcTGv2ve4c=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIXdGNCLEPCgxwjmAdkQZiedZMjsg5leMSwBf8WLB0W8+h3e/BsnyR40saChqOqmu8uPpdDoON9WbmV1bX0jv1nY2t7Z3bP3Dxo6ShSHOo9kpFo+0yBFCHUUKKEVK2CBL6Hpj66nfvMBlBZReI/jGDoBG4SiLzhDI3Xto6DL6BV1HepRD+ER0xtoTLp20Sk5M9Bl4makSDLUuvaX14t4EkCIXDKt264TYydlCgWXMCl4iYaY8REbQNvQkAWgO+ns/Ak9NUqP9iNlKkQ6U39PpCzQehz4pjNgONSL3lT8z2sn2L/spCKME4SQzxf1E0kxotMsaE8o4CjHhjCuhLmV8iFTjKNJrGBCcBdfXiaNcsk9L5XvKsVqJYsjT47JCTkjLrkgVXJLaqROOEnJM3klb9aT9WK9Wx/z1pyVzRySP7A+fwAEn5Q1</latexit>

Br(t → aq)
<latexit sha1_base64="F4qbAnTX+2z0gYEvSKhdAnGzM+k=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkpSC3osevFYwX5AE8pmu2mXbjZxdyItIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyR0WJJLRNIh7Jno8V5UzQNjDgtBdLikOf064/uZ373ScqFYvEA8xi6oV4JFjACAYtDcyyC3QK6Y3MquBCZOHHi4FZsWv2AtY6cXJSQTlaA/PLHUYkCakAwrFSfceOwUuxBEY4zUpuomiMyQSPaF9TgUOqvHRxe2ada2VoBZHUJcBaqL8nUhwqNQt93RliGKtVby7+5/UTCK69lIk4ASrIclGQcEs/OQ/CGjJJCfCZJphIpm+1yBhLTEDHVdIhOKsvr5NOveZc1ur3jUqzkcdRRKfoDFWRg65QE92hFmojgqboGb2iNyMzXox342PZWjDymRP0B8bnD5dblBg=</latexit>
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<latexit sha1_base64="7n/fsHOO7MTng2j7/i4yEVLXXuw=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWpBV1W3LhwUcE+oAlhMp20QycPZm7EEgL+ihsXirj1O9z5N07bLLT1wIXDOfdy7z1+IrgCy/o2Siura+sb5c3K1vbO7p65f9BRcSopa9NYxLLnE8UEj1gbOAjWSyQjoS9Y1x9fT/3uA5OKx9E9TBLmhmQY8YBTAlryzCPqAEm9zAH2CNnVbSvP+6HrmVWrZs2Al4ldkCoq0PLML2cQ0zRkEVBBlOrbVgJuRiRwKlhecVLFEkLHZMj6mkYkZMrNZufn+FQrAxzEUlcEeKb+nshIqNQk9HVnSGCkFr2p+J/XTyG4dDMeJSmwiM4XBanAEONpFnjAJaMgJpoQKrm+FdMRkYSCTqyiQ7AXX14mnXrNPq/V7xrVZqOIo4yO0Qk6Qza6QE10g1qojSjK0DN6RW/Gk/FivBsf89aSUcwcoj8wPn8AugiV7g==</latexit>

10
-7

10
-5 0.001 0.100

�

�

1.×10
-9

5.×10
-9

5.×10
-8

1.×10
-7

1.×10
-8

8

8

7

7

6

(c
u

R
) i

i

f a

[ G
eV

−
1
]

<latexit sha1_base64="R3yp3Xah6Op5fqY3GhoiazlIUuo="></latexit>
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<latexit sha1_base64="MoebJ3daadQTFHUEUAAmP8BJZcE=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJdN3dwU3LivYh7RDyaSZNjbJDElGKEO/wo0LRdz6Oe78GzNtBRU9EDiccy+55/gRZ9og9OGsrW9sbm1ndrK7e/sHh7mj444OY0Vom4Q8VD0fa8qZpG3DDKe9SFEsfE67/vQy9bv3VGkWyhszi6gn8FiygBFsrHQbRXBgQmjuhrk8KqBqpVFCEBUqyK01GpYgVK2XitC1JEUerNAa5t4Ho5DEgkpDONa676LIeAlWhhFO59lBrGmEyRSPad9SiQXVXrI4eA7PrTKCQajskwYu1O8bCRZaz4RvJwU2E/3bS8W/vH5sgrqXMBnFhkqy/CiIOUwz2vRwxBQlhs8swUQxeyskE6wwMbajrC3hKyn8n3SKBbdUKF6X883yqo4MOAVn4AK4oAaa4Aq0QBsQIMADeALPjnIenRfndTm65qx2TsAPOG+ftCyQUA==</latexit>

Figure 6. The expected bounds as a function of lifetime (cτALP) and the branching ratio of the
exotic top decay Br(t → aq), for ma = 2GeV (top) and ma = 10GeV (bottom). The red line
labeled with ‘Hadron 2σ’ represents the conservative limit (table 1) where S√

S+B = 2, assuming
L = 350 fb−1 integrated luminosity. The red (blue) solid line is the potential discovery line where
10 signal events are produced in the hadronic (muon) calorimeter, in case a background free search
can be designed. Finally, the green shaded regions indicate the current bounds on the model. The
dark green lines are derived from the top + jet [65] final state, and the light green lines are from
the single leptonic top search [73, 88]. The dashed lines are for the constraints on the tua coupling,
and the solid ones are that of the tca coupling.
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<latexit sha1_base64="0yrcX2QaA4aEBATAf45qniQJtG0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA22027drMJuxOhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etU2casZbLJax7gTUcCkUb6FAyTuJ5jQKJH8Ixrcz/+GJayNidY+ThPsRHSoRCkbRSk3slytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nj90Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhtZ8JlaTIFVssClNJMCazr8lAaM5QTiyhTAt7K2EjqilDm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGHB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ad9cjPU=</latexit>

<latexit sha1_base64="0yrcX2QaA4aEBATAf45qniQJtG0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA22027drMJuxOhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etU2casZbLJax7gTUcCkUb6FAyTuJ5jQKJH8Ixrcz/+GJayNidY+ThPsRHSoRCkbRSk3slytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nj90Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhtZ8JlaTIFVssClNJMCazr8lAaM5QTiyhTAt7K2EjqilDm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGHB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ad9cjPU=</latexit>

<latexit sha1_base64="0yrcX2QaA4aEBATAf45qniQJtG0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA22027drMJuxOhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etU2casZbLJax7gTUcCkUb6FAyTuJ5jQKJH8Ixrcz/+GJayNidY+ThPsRHSoRCkbRSk3slytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nj90Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhtZ8JlaTIFVssClNJMCazr8lAaM5QTiyhTAt7K2EjqilDm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGHB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ad9cjPU=</latexit>

<latexit sha1_base64="46ThbD2AyCkRmoT2VDZcm2wSvLs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqTnslytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzQ+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjMviYDrpAZMbGEMsXtrYSNqKLM2GxKNgRv+eVV0q5VvYtqrXlZqd/kcRThBE7hHDy4gjrcQQNawADhGV7hzXl0Xpx352PRWnDymWP4A+fzB8uojOg=</latexit>

<latexit sha1_base64="46ThbD2AyCkRmoT2VDZcm2wSvLs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqTnslytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzQ+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjMviYDrpAZMbGEMsXtrYSNqKLM2GxKNgRv+eVV0q5VvYtqrXlZqd/kcRThBE7hHDy4gjrcQQNawADhGV7hzXl0Xpx352PRWnDymWP4A+fzB8uojOg=</latexit>

<latexit sha1_base64="cWl1nuNVKLuWnG5FfeBtFziLo8Y=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4qkkVFLwUvHisaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWekjPWa9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZqRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0ijYEb/HlZdKsVryLSvX+sly7yeMowDGcwBl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvHXFyWeO4A+czx8JKY2c</latexit>

<latexit sha1_base64="cWl1nuNVKLuWnG5FfeBtFziLo8Y=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4qkkVFLwUvHisaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWekjPWa9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZqRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0ijYEb/HlZdKsVryLSvX+sly7yeMowDGcwBl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvHXFyWeO4A+czx8JKY2c</latexit>
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Figure 3. The Feynman diagram for the signal: tt̄ production, where one of the tops decay to
q = u, c and an ALP.

with σtt̄ ∼ 830pb [79], Br(t → Wb) ∼ 0.96 [80] and Br(t → aq) given in eq. (2.3). For
couplings (cuR)ij of order one and 1

fa
∼ O(10−9–10−5)GeV−1 light ALPs with ma ∼ (1–

10)GeV have lifetimes of order millimeter to 100m, while having Br(t→ aq) ! 10−3. For
these intermediate lifetimes ALPs decay mostly in the hadronic calorimeter or the muon
spectrometer. We should remind the reader that while the ALP decays to pairs of partons,
it is highly boosted and decays displaced, so it will mainly be reconstructed as a single,
narrow jet. In the following, we will distinguish two different cases: the case where the
ALP decays at the outer edge of the electromagnetic calorimeter or inside the hadronic
calorimeter and the case where it decays in the muon spectrometer.

An ALP decaying inside the hadronic calorimeter leads to a jet that deposits most
of its energy in the hadronic calorimeter and thus, to a large value of the hadronic to
electromagnetic energy ratio Ehad/Eem. Since the ALP is neutral we expect no tracks
associated with the jet from its decay. In addition to the displaced jet from the ALP, the
signal consists of one prompt light jet from the up or charm quark produced in the flavour
violating decay t→ aq (q = u, c) and one to three prompt jets, one of them being a b-jet,
from the decay of the second top quark. The main background in this case is tt̄, where a jet
consisting of (anti-) protons, π± and/or K±, but no photons, deposits the majority of its
energy in the hadronic calorimeter and is thus reconstructed as a “displaced” jet. However,
such a jet will leave tracks, a feature we will use to distinguish signal and background.

On the other hand, if the ALP decays in the muon spectrometer, the signal consists
of an event originating in the muon system with no associated tracks pointing to the
primary vertex, as well as the same prompt jets as for decays in the hadronic calorimeter.
Consequently, we expect 2–4 (2–5) jets and a hit in the muon spectrometer without any
associated tracks. We assume that this signal is background free.

4.2 Triggering and event selection

First, we focus on ALP decays inside the hadronic calorimeter. Here, the signal consists of
minimal three and maximal five (six) jets, one (two) of them being displaced: the decay
products of a SM decay of a top, a prompt light jet from the flavour violating top decay and
one (or rarely two) displaced jet(s) from the ALP decay. In general, one could reconstruct
both top quark masses, one from the displaced jet and one additional jet, and the other
from the remaining three jets, to reduce the background. However, we found that focussing
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Ample room for improvement with top factory studies for prompt decays  and invisiblea → jj, uc, cc
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Goal

● Use W decays to measure CKM matrix elements        , ~ directly by counting

● Allows for direct, model-independent access to 6 CKM elements (without top)

● Of particular interest:

– test of unitarity of the CKM matrix

–        for comparison with indirect leptonic charmed meson decays

–        to resolve discrepancy between in- & exclusive determinations via semilep. B decays, 
controls unitarity triangle normalisation  →  already systematically limited at Belle!

–        as test of lattice QCD needed for results from Belle II

● With 100% reconstruction efficiency:

for 108 W:

δ V ij
th =

1
2
N ev

−1/2

V cb ,V cs ,(V ub)

|V ij|

V cs
V cb

V ub

CKMWW – CKM matrix elements from W decays



Focus Topics

Most focus topics profit from high energy running arXiv:2401.07564

A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 65 / 82

https://arxiv.org/abs/2401.07564


Why (not) FCC ?

A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 66 / 82



FCC Feasibility Study Mid-Term Status

Michael Benedikt

CERN, 13 February 2024

FCC integrated program

FCC-ee FCC-hh

comprehensive long-term program maximizing physics opportunities
• stage 1: FCC-ee (Z, W, H, t ҧt) as Higgs factory, electroweak & top factory at highest luminosities

• stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option

• highly synergetic and complementary programme boosting the physics reach of both colliders 

• common civil engineering and technical infrastructures, building on and reusing CERN’s existing infrastructure

• FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-LHC



2024-02-13 FCC-ee: main machine parameters

F. Gianotti

3 years 

2 x 106 H 

5 years

2 x 106 tt pairs 

2 years

> 108 WW 

LEP x 104

4 years

5 x 1012 Z 

LEP x 105

❑ x 10-50 improvements on all EW observables

❑ up to x 10 improvement on Higgs coupling (model-indep.) measurements over HL-LHC

❑ x10 Belle II statistics for b, c, τ 

❑ indirect discovery potential up to ~ 70 TeV

❑ direct discovery potential for feebly-interacting particles over 5-100 GeV mass range

Up to 4 interaction points → robustness, 

statistics, possibility of specialised detectors

to maximise physics output

Design and parameters

dominated by the

choice to allow for 

50 MW synchrotron 

radiation per beam. 

Parameter Z WW H (ZH) ttbar

beam energy [GeV] 45.6 80 120 182.5

beam current [mA] 1270 137 26.7 4.9

number bunches/beam 11200 1780 440 60

bunch intensity  [1011] 2.14 1.45 1.15 1.55

SR energy loss / turn [GeV] 0.0394 0.374 1.89 10.4

total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.1/0 2.1/9.4

long. damping time [turns] 1158 215 64 18

horizontal beta* [m] 0.11 0.2 0.24 1.0

vertical beta* [mm] 0.7 1.0 1.0 1.6

horizontal geometric emittance [nm] 0.71 2.17 0.71 1.59

vertical geom. emittance [pm] 1.9 2.2 1.4 1.6

horizontal rms IP spot size [mm] 9 21 13 40

vertical rms IP spot size [nm] 36 47 40 51

beam-beam parameter xx / xy 0.002/0.0973 0.013/0.128 0.010/0.088 0.073/0.134

rms bunch length with SR / BS [mm] 5.6 / 15.5 3.5 / 5.4 3.4 / 4.7 1.8 / 2.2

luminosity per IP [1034 cm-2s-1] 140 20 5.0 1.25

total integrated luminosity / IP / year [ab-1/yr] 17 2.4 0.6 0.15

beam lifetime rad Bhabha + BS [min] 15 12 12 11
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Higgs @ FCC-ee.

the FCC CDR [9, 416], but has been studied afterwards [453, 454]. The conclusions
reached are summarised, and further recent explorations performed are presented.

Table 131 Expected 68%CL relative precision (%) of the 
parameters at HL-LHC and FCC-ee (combined with HL-LHC).
The corresponding 95%CL upper limits on the untagged,
BRunt, and invisible, BRinv, branching ratios are also given.
As denoted with an asterisk (⇤), for the HL-LHC numbers, a
bound on |V |  1 is applied since no direct access to the Higgs
width is possible at hadron colliders. This restriction is lifted in
the combination with FCC-ee (or other lepton colliders), since
the latter ones provide the necessary access to the Higgs width.
Cases in which a particular parameter has been fixed to the
SM value due to lack of sensitivity are shown with a dash (�).
Results from Ref. [452], updated with the 4-IPs scenario.

Coupling HL-LHC FCC-ee (240–365 GeV)
2 IPs / 4 IPs

W [%] 1.5⇤ 0.43 / 0.33
Z [%] 1.3⇤ 0.17 / 0.14
g [%] 2⇤ 0.90 / 0.77
� [%] 1.6⇤ 1.3 / 1.2
Z� [%] 10⇤ 10 / 10
c [%] – 1.3 / 1.1
t [%] 3.2⇤ 3.1 / 3.1
b [%] 2.5⇤ 0.64 / 0.56
µ [%] 4.4⇤ 3.9 / 3.7
⌧ [%] 1.6⇤ 0.66 / 0.55

BRinv (<%, 95% CL) 1.9⇤ 0.20 / 0.15
BRunt (<%, 95% CL) 4⇤ 1.0 / 0.88

The interpretation of current Higgs-boson measurements at the LHC was so far
not hindered by the finite precision of the electroweak measurements realised at LEP
and SLC. With the FCC-ee targeting almost an order-of-magnitude increase in the
precision of Higgs properties in the main channels, the current (experimental and
theoretical) precision on electroweak quantities will become a limitation. The Z-pole
run of the FCC-ee is instrumental in avoiding contamination from electroweak coupling
uncertainties in the Higgs characterisation. If the electroweak symmetry is linearly
realised on the Standard Model (SM) fields, the interplay between the Higgs and
electroweak sectors is even deeper. Indeed, diboson e+e� ! W+W� production is
then sensitive to some of the same new-physics e↵ects as Higgs production and decay
processes, making both types of measurements complementary.

The SMEFT framework truncated to operators of dimension six is adopted. It
assumes that new physics arises at a scale ⇤, significantly above the electroweak one,
below which the particles and symmetries are the SM ones, with the Higgs embedded
in a SU(2)L doublet. The current status of the global SMEFT fit is shown in Fig. 348.
It projects the results of the fit to the di↵erent dimension-six operators entering at
leading order in electroweak (including anomalous triple gauge couplings, aTGCs, and
boson-fermion couplings, V↵) and Higgs processes onto the sensitivity to new-physics
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Table from mid-term report

X =
ghXX

gSM
hXX

Higgs coupling sensitivity• Absolute normalisation of couplings (by recoil 
method) 

• Measurement of width (from ZH>ZZZ* and WW>H) 

•   
• Model-independent coupling determination and 

improvement factor up to 10 compared to LHC 
• (Indirect) sensitivity to new physics                        

up to 70 TeV (for maximally strongly coupled models) 
(�X = v2/f2 & mNP = gNPf)

��H ⇠ 1%, �mH ⇠ 3 MeV (resp. 25%, 30 MeV @ HL-LHC)

— Higgs programme needs Z-pole —

Figure 12: Changes in correlations between couplings depending on the precision of EW
measurements assumed. The top row is for CEPC and the bottom two rows are for FCC-ee.
HL-LHC projections are included for all scenarios.

and FCC-ee .
The change in the correlations from one EW scenario to another for both CEPC and

FCC-ee can also be seen from figure 12. For both the colliders at 240 GeV, meshes of
significant correlations can be identified between the Higgs and the EW sectors. With the
inclusion of the Z-pole these two sectors get decoupled. While we see from table 1 that the
assumption of perfect EW measurements and the case for the inclusion of a Z-pole run give
numerically similar bounds for both the colliders, from figure 12 we see that the correlation
maps are di�erent. It can then be understand from these variations of the correlation map
why ”Ÿ“ is still a�ected by the EW assumptions made even after the inclusion of EW
measurements from a Z-pole run at the lepton colliders since the bound on it is diluted by

– 32 –
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Tera-Z EW precision measurements. 
 The target is to reduce syst. uncertainties to the level of stat. uncertainties. 

 (exploit the large samples and innovative control analyses)  
 Exquisite √s precision (100keV@Z, 300keV@WW) reduces beam uncertainties  (EPOL) 

~50 times better precision than LEP/LSD on EW  precision observables 

20

Table 133 A few sample precision quantities of interest for the FCC-ee programme, their current
and projected experimental uncertainties, and the required theory input for their extraction from
the data. The last two columns show the current state of the art for calculations of this theory
input, and needed higher-order calculations to reach the FCC-ee precision target. See Ref. [435] for
more details.

Quantity Current
precision

FCC-ee stat.
(syst.) precision

Required
theory input

Available calc.
in 2019

Needed theory
improvement†

mZ 2.1 MeV 0.004 (0.1) MeV non-resonant

e+e� ! f f̄,
initial-state
radiation (ISR)

NLO,
ISR logarithms
up to 6th order

NNLO for

e+e� ! f f̄�Z 2.3 MeV 0.004 (0.025) MeV

sin2 ✓`e↵ 1.6⇥10�4 2(2.4) ⇥ 10�6

mW 12 MeV 0.25 (0.3) MeV lineshape of
e+e� ! WW
near threshold

NLO (ee ! 4f
or EFT frame-
work)

NNLO for
ee ! WW,
W ! ↵ in
EFT setup

HZZ
coupling

— 0.2% cross-sect. for
e+e� ! ZH

NLO + NNLO
QCD

NNLO
electroweak

mtop 100 MeV 17 MeV threshold scan
e+e� ! tt̄

N3LO QCD,
NNLO EW,
resummations
up to NNLL

Matching fixed
orders with
resummations,
merging with
MC, ↵s (input)

†The listed needed theory calculations constitute a minimum baseline; additional partial higher-order
contributions may also be required.

Table 134 Required theory calculations for the prediction of the
listed precision quantities within the SM. These predictions are
needed for comparison with the quantities extracted from data (see
table 133), for the purpose of testing the validity of the SM and
probing BSM physics. See Ref. [435] for more details.

Quantity Required
theory input

Available calc.
in 2019

Needed theory
improvement‡

�Z vertex
corrections for
Z ! f f̄

NNLO +
partial higher
orders

N3LO EW +
partial higher
orders

sin2 ✓`e↵

mW SM corrections
to the muon
decay rate

NNLO +
partial higher
orders

N3LO EW +
partial higher
orders

‡ The listed needed theory calculations constitute a minimum baseline;
additional partial higher-order contributions may also be required.

b ! c [545] and the three-loop QED corrections to muon decay [545, 546] were cal-
culated in the Fermi approximation. This third-order correction to the muon and the
heavy quark decay rates calculated in [545] is a milestone in perturbative calculations
and important step towards precision FCC-ee calculations. Particularly, ↵3 QED con-
tribution translates to a shift of the muon lifetime (�9± 1)⇥ 10�8 µs, to be compared
to the current experimental value which is given by ⌧µ = 2.1969811 ± 0.0000022 µs.
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Indirect sensitivity 
to 70TeV-scale sector  

connected to EW/Higgs 

Patrick Janot

2-σ region
(EWPO: stat. unc. only)

HL-LHC
HL + CLIC380
HL + ILC250
HL + FCCee

-0.10 -0.05 0.00 0.05 0.10

-0.10

-0.05

0.00

0.05

0.10

T

S
A couple physics plots from FCC France

q Fit to S and T parameters (representing loop corrections to the Z andW propagators)

u From Jorge de Blas, with only statistical and parametric uncertainties

l The true potential of FCC-ee is one order of magnitude better
è Next step: Devise experimental and theoretical methods to match statistics !

21 Nov. 2019
FCC-ee physics coordination meeting

10

w/ stat. and param. only

(For the impact of the theory uncertainties on the EW fit, see bonus slides)
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Z-couplings
► https://arxiv.org/pdf/2203.07622.pdf
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illustrated in Fig.7, and demonstrates the typical complementarity between the Z factory FCC-ee
and a high-energy linear e+e� collider.

Figure 7: Expected sensitivity to Axion-like particles in various future facilities. The reach of FCC-ee
is at very small couplings in Z decays, while the reach of linear colliders is at higher masses for somewhat
larger couplings. From Ref. [1]

Figure 8: Expected sensitivity to Heavy-Neutral Leptons (a.k.a. Right Handed Neutrinos) in various
future facilities. The reach of FCC-ee is for very small heavy-light mixing angle in Z decays, down to the
see-saw limit; it is complemented up to very high masses (60 TeV or more) for heavy-light neutrino mixing
larger than 10�5 by constraints from Electroweak and tau decay precision measurements. See [1], Fig 8.19.

Another well-motivated example of new physics is provided by neutrinos. Many neutrino mass
models naturally predict the existence of heavy neutrino states, called Heavy Neutral Leptons
(HNL, mostly of right-handed chirality or “sterile”) which mix with the known light, active neutrinos
with a typical mixing angle |✓⌫N|2 / m⌫/mN. Since both light and heavy neutrino masses are
unknown, a rather large range of mixing angles should be explored. These scenarios have several
possible consequences: (i) the direct observation of a long-lived HNL in Z, W, and Higgs decays
and in tau, b- or c-hadron semi-leptonic decays, both mass and mixing sensitive; (ii) the mixing of
the light neutrinos with heavier states, which leads to a violation of the SM relations in EWPOs;

12

Direct observation
in Z decays   

 from LH-RH mixing  

02.07.2021 Alain Blondel  FCC PE&D; Summary 36

Physics Highlights

Rebeca Gonzalez Suarez:  LLP at FCC-ee
(possibility of direct discovery HNL, ALPs)

ESU Physics BB ‘19

Important to understand 
1. how neutrinos acquired mass 
2. if lepton number is conserved 

3. if leptogenesis is realised

Search for νRH.

Fig. from mid-term report



HNL searches at future linear colliders (K.Mekala et al.)Final results

The cross section limits can be translated into limits on the V 2lN parameter.

210 310
 [GeV]Nm

7−10

6−10

5−10

4−10

3−10

2−10

1−102 lN
lim

. V CMS 13 TeV

LHC 14 TeV

LHC 27 TeV

LHC 100 TeV

ILC 1 TeV

CLIC 3 TeV
ILC 500 GeV

ILC 250 GeV

LHC analysis: [1812.08750], diff. assumption: VeN = VµN ̸= VτN = 0
Krzysztof Mękała (FUW) Heavy Neutrinos at Future Colliders 09.07.2022 15 / 19A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 73 / 82
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❑ Our	first	responsibility	(as	particle	physicists)	is	to	do	the	maximum	of	science
◆ With	the	minimal	energy	consumption	and	the	minimal	environmental	impact	for	our	planet

● Should	become	one	of	our	top-level	decision	criteria	for	design,	choice	and	optimization	of	a	collider

❑ All	Higgs	factories	have	a	“similar”	physics	outcome	(ESU’20	and	Snowmass’21)
◆ Natural	question:	what	is	their	energy	consumpti0n	or	carbon	footprint	for	the	same	physics	outcome?

● Circular	colliders	have	a	much	larger	instantaneous	luminosity	and	operate	several	detectors
● FCC-ee	is	at	CERN,	where	electricity	is	already	almost	carbon-free	(and	will	be	even	more	so	in	2048)

62

arXiv:2208.10466

2 IPs 2 IPs

Carbon footprint / Higgs with 2IP 
FCC-ee ~ CLIC / 5 ~ ILC / 50Energy consumption / Higgs with 2IP 

Circular ~ Linear / 5
(independently of the location 

or the starting time of the collider)

(if operating today)

Energy and carbon footprint.



DESY. | Status of e+e- Higgs Factory Projects | Jenny List, 12 Oct 2023 22

Global Warming Potential
Study by C3

GWP of construction dominated by CO2 emission  
from the required concrete & steel 

=> tunnel length (diameter, tunneling technique)

Adding operation GWP  
(here weighted by improvement of Higgs couplings over HL-LHC,  

and with power mix predictions for CERN, US, Japan, China): 

• Operation dominates for LCs 

• Construction dominates for CCs

arXiv:2307.04084 



Why (not) FCC?

Recent CMS measurement of the effective leptonic weak mixing angle

Old e+e− data still give higher precision than LHC...
SLD result based on Al measurement most precise!
Number of Z bosons produced factor ∼ 30 smaller than at LEP. But polarized beams!!!

A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 76 / 82



Why (not) FCC?

ILC running scenario

The unique feature of the ILC is the possibility of having both electron and positron beams
polarised! This is crucial for many precision measurements as well as BSM searches.

Four independent measurements instead of one:

increase accuracy of precision measurements

more input to global fits and analyses

remove ambiguity in many BSM studies

reduce sensitivity to systematic effects

Integrated luminosity planned with different polarisation settings [fb−1]

H-20 sgn(P(e−),P(e+)) Total√
s (−,+) (+,−) (−,−) (+,+)

250GeV 900 900 100 100 2000
350GeV 135 45 10 10 200
500GeV 1600 1600 400 400 4000 arXiv:1903.01629

A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 77 / 82

https://arxiv.org/abs/1903.01629


Why (not) FCC?

CERN strategy

At the ICFA Seminar 2023 Fabiola Gianotti clearly stated the main reason for selecting FCC as
the future project for CERN:

“This is the only project that matches the size of CERN community”

ECFA Higgs factory study was supposed to submit the final report by the end of 2025.
The focus document was released very recently...

CERN Council, by defining the new strategy update schedule, has cut the timescale for the
ECFA focus topic studies by half! Some studies may not be completed on time...

My personal feeling is that the decision has already been taken,
and the 2026 update is only needed to justify it to the public.

A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 78 / 82
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Why (not) FCC?

CERN strategy

FCC-ee will still be based on the “classical” concepts over 60 years old ⇒ needs to be huge
Cost of FCC-ee tunnel itself is larger than the total cost of ILC-250 construction.
No upgrade option (beyond 365 GeV, required for many measurements) for e+e− machine!

The justification given for doubled cost is that the tunnel will be reused for FCC-hh...

But there is no justification at the moment for the 100 TeV hadron collider !

Another quote from ECFA chair: “Hadron colliders have always beed dicovery machines”

Are we ready to bet O(10) GCHF on this belief?!

Cost of FCC is huge, it will have significant impact on research funding
(most likely not only in HEP!) all over Europe...

A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 79 / 82
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Why (not) FCC?

CERN strategy

There is a strange logic in this approach:

CERN needs funding for lab running and to support its community

FCC project can secure adequate funding for the next O(100) years

CERN community supports FCC, as this is the only project securing this funding level

As most of HEP community in Europe is involved in LHC or other activities at CERN,
this seems to be a good way to go...

Physics case seems not so relevant... Neither is cost...

Are we OK with this approach?

A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 80 / 82
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Why (not) FCC?

CERN strategy

My personal opinion is that decision on building FCC at CERN will be the beginning of the
end of High Energy Physics research in Europe and in the world, and of CERN.
HEP will not survive, if it is only done at CERN (and not targeting relevant topics)

CERN should look for alternative strategies

building “larger LEP” or “larger LHC” is only a waste or resources

there is no need to have a project corresponding to the size of the LHC community.
Most of these people will retire before the considered time scale.

CERN should support diverse activities, focus on new acceleration technologies
and look for ambiguous new project based on them

this will give a good base for the long-term future of CERN,
even if the next collider is built elsewhere

A.F.Żarnecki (University of Warsaw) Focusing on the future 15.04.2024 81 / 82
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Thank you!
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