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Particle Physics Today
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arXiv:2209.07426

https://arxiv.org/pdf/2209.07426.pdf
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CERN Plan-A beyond HL-LHC


New infrastructure 

90.7km, 8 surface points


4 experimental areas


Deepest shaft 400m


Average shaft depth 240m


Recycling current accelerator chain


Stage 1: FCC-ee “Higgs Factory” 


Stage 2: FCC-hh

Future Circular Collider
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PA: experiment

PB: technical

PD: experiment

PF: technical

PG: experiment

PH: technical

PJ: experiment

PL: technical
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Historic Timeline
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2012 Discovery of the Higgs boson 
at mH = 125 GeV


2012-13 Papers on LEP3 and TLEP 
with case for a circular e+e- collider


2014-18 FCC Conceptual Design 
Study


2021-25 FCC Feasibility Study

European Strategy, Snowmass, P5

European Strategy, Snowmass, P5

To stay at the forefront of particle physics, Europe needs to be in a position to 
propose an ambitious post-LHC accelerator project at CERN by the time of the 
next Strategy update

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.


Europe, together with its international partners, should investigate the 
technical and financial feasibility of a future hadron collider at CERN with a 
center-of-mass energy of at least 100 TeV and with an electron-positron Higgs 
and electroweak factory as a possible first stage.

https://arxiv.org/abs/1308.6176
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FCC Feasibility Study 2021-2025
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Main deliverable  
Demonstration of geological, technical, environmental, and administrative feasibility of the tunnel and 
surface areas including optimisation of the layout


Prepare potential project approval


Elaborate operational model for the machine and experiments


Optimise the design of the colliders supported by R&D


Develop a consolidated cost estimate and identify resources 


Consolidate the physics case, detector concept and technologies


Midterm review submitted end of 2023 
Executive summary (46 pages) and main document (702 pages)


No showstopper found 
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Baseline Design Luminosity
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in each detector:

105 Z / sec


104 W pairs / hour


1500 H / day


1500 top pairs / day
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FCC-ee Runs Ordered by Energy
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FCC-ee Runs Time Ordered
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Operation Models
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Operation Models
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Developing RF setup that  
allows fast switching between


Z, WW, and ZH operation 
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Detector Requirements
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Requirements for Higgs physics studied 
in detail by LC community


Detector capable of dealing with energy 
and luminosity range


Limitations imposed by Z pole run

~33MHz collision rate


High occupancy for inner layers and forward region


Beamstrahlung


Complex machine detector interface



Markus Klute Institute of Experimental Particle Physics (ETP)

Detector Concepts
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Ideas for specialised detectors

ALLEGRO
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Physics Program: Higgs Physics
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Higgs connected to most relevant questions in HEP


BSM scenarios introduce modifications of Higgs properties

arXiv: 2209.07510

arXiv:2209.07510

https://arxiv.org/pdf/2209.07510.pdf
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CERN @ 100
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CERN @ 100
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Physics Program: Higgs Physics
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HL-LHC Higgs Legacy
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Physics Program: Higgs Physics
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Cross section: σZH (240) ~200fb


Statistics: 2*106 (ZH) and 2*105 (WWH) Higgs bosons in 4 IPs


Clean environment: no pileup, beam background under control, E & p constraints
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Physics Program: Higgs Physics

18

?

Measurement of σZH  and mH

arXiv:2106.15438

https://arxiv.org/abs/2106.15438
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Physics Program: Higgs Physics
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H
e-

e+
arXiv:1509.02406

(1): with ISR
(2): δE/E = 3x10-5

(3): δE/E = 6x10-5

S-channel production to probe electron Yukawa coupling

Very small cross section reduced by ISR and beam spread
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Physics Program: Higgs Physics
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Higgs total width and couplings measurements

σ(ee→ZH) * BR (H→X) by identifying X


Example: σ(ee→ZH) * BR (H→ZZ)  ∝ gHZZ4/ΓH

Results not limited by 
experimental systematics


Total width uncertainty at ~1%


Testing quantum corrections in 
the Higgs sector, probing 
Higgs self coupling
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Physics Program: EW Precision
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LEP Legacy

Measurements of crucial and 
fundamental parameters of the 
standard model


Z & W boson masses, number of 
light neutrinos, ⍺s, ⍺QED, … 


Constrain mtop and mH indirectly 


FCC-ee 

All LEP1 data in minutes


All SM parameter known


Study consistencies > 3 orders of 
magnitude more stringently  


Inconsistencies will invoke new 
physics
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Physics Program: EW Precision
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Uncertainties: energy calibration

In-situ calibration during data taking with 
non-colliding pilot bunches


Beam energy spread from di-lepton 
events 


Methods need to be improved. Work in 
progress!


LEP measurements of beam energy

arXiv:1909.12245

https://arxiv.org/pdf/1909.12245.pdf
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Physics Program: EW Precision
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Uncertainties: luminosity

Small angle Bhabha scattering used at LEP


Very large cross section (78nb)


Excellent control of geometry needed: O(10-5) 
precision, Δr ~1 μm


Theory prediction 0.037% but far from 
statistical precision 


Di-photon production excellent probe


Clean events, but lower, accuracy O(10-4)

Eur.Phys.J.Plus (2022) 137:81

https://link.springer.com/article/10.1140/epjp/s13360-021-02265-3
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Physics Program: EW Precision

24

W mass measurement

Threshold scan 
Statistical uncertainty ~0.45 MeV

Lead systematics: beam energy 

Direct mass reconstruction 
Statistical uncertainty ~0.22 MeV

Lead systematics: theoretical 
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Physics Program: Top Precision
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Top mass and width can be 
measured directly with an accurate 
top cross section threshold scan


Uncertainties

Statistics:  mt (Γt) is ~17 (45) MeV


3 MeV from center-of-mass energy


5 MeV from ⍺s


~40 MeV from theoretical uncertainties 
(NNNLO) 
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Physics Program: EW Precision
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Summary of results
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Theoretical Calculations
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Theoretical predictions and tools need to match experimental precision


Recent progress on a number of techniques and tools

e.g. Two-Loop Electroweak Corrections with Fermion Loops to e+e− → ZH


Plan is emerging but significant advancement are needed
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Physics Program: EW and Top Precision
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Physics Program: New Physics Searches
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• EFT D6 operators (some assumptions) 
• Higgs and EWPOs are complementary
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Physics Program: Flavor Physics
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HFLAV 2206.07501 

Precise determination of |Vub| and |Vcb| CKM elements


Long standing tension between inclusive and 
exclusive extractions


Extreme precision at FCC-ee 


Independent probe using
arxiv:2305.02998

https://arxiv.org/abs/2305.02998
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Physics Program: New Physics Searches
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Heavy neutral leptons

Sterile neutrinos


Can be long-lived
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FCC Schedule
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Schedule considers past experience, approval timelines, and that the HL-LHC will run until 2041


Accelerated scenarios are under study
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FCC Feasibility Study Midterm Cost Estimate
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Total cost for Z, W, and ZH run with two IPs estimated to 12,801 MCHF

Accelerator: 3,847 MCHF


Injector & transfer lines: 585 MCHF


Civil engineering: 5,538 MCH


Technical infrastructure: 2,490 MCHF


Territorial development 191 MCHF


CERN contribution to experiments: 150 MCHF


Additional cost for two further IPs is estimated to 710 MCHF


To operate FCC-ee at the top-pair threshold would require an additional 
investment in RF equipment and cryogenics of 1,465 MCHF

WIKIPEDIA
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Sustainable - Energy Supply
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Analysis for the supply from renewable 
sources


Carried out in collaboration with two 
experienced consulting companies 
(McKinsey, Accenture) and report prepared


Findings

FCC and CERN can be supplied with renewable energy 
sources


Requires detailed planning, implementation, and operation 
of power purchasing agreements


Mix of wind and solar power most recommended 
technology complemented with battery storage


Providing FCC with renewable energy is an incentive for an 
accelerated energy transition and can lead to lower prizes

https://zenodo.org/records/8074977
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Conclusion
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Higgs factory as the highest-priority next 
collider


FCC-ee delivers ambitious, unbiased, high 
precision exploration of the Higgs Boson and 
so much more


Integrated FCC program offers unparalleled 
exploration potential over the widest physics 
frontier through precision and direct searches


Feasibility study reached mid-point and will 
conclude in 2025


Many opportunities to engage in all areas of 
the project

created by OpenAI's DALL-E


