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Physics motivation
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vHiggs physics at LHC
• Higgs boson was discovered in 2012 with ATLAS and CMS
• Third family Yukawa couplings
• Indicate new physics around the TeV

vPuzzles of the Standard Model 
• Dark matter
• Neutrino mass
• Different Higgs models
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q Future Linear Colliders:
1. International Linear Collider (ILC)

2. The Compact Linear Collider (CLIC)

Future Colliders
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q Future Circular Colliders:
1. The Future Circular Collider (FCC) 

2. Circular Electron Positron Collider (CEPC)

1) 𝑒!𝑒" at 500 GeV, 1000 GeV
2) 30-50 km

1) 𝑒!𝑒" at 380 GeV, 1.5 TeV and 3 TeV
2) 11-50 km

1) FCC-ee: 𝑒!𝑒" at ~100-400 GeV
2) FCC-hh: 𝑝 − 𝑝 at 100 TeV
3) FCC-ee + FCC-hh = FCC-INT
4) Circumference ~90 km (LHC: 

27 KM)

1) 𝑒!𝑒"
2) SppC
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FCC integrated program
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FCC Physics Opportunities

Comprehensive cost-effective program maximizing physics opportunities
q Stage 1: FCC-ee (~90 km tunnel) as first generation Z, Higgs and top      

factory at high luminosities
q Stage 2: FCC-hh (~100 TeV) as natural continuation at energy 

frontier (with ion and eh options)

Complementary physics
o Integrating an ambitious high-field magnet R&D program
o Common civil engineering and technical infrastructures
o Building on and reusing CERN’s existing infrastructure
o FCC-INT project plan is fully integrated with HL-LHC exploitation and 

provides for natural continuation of LHC

Current layout has two interaction points (IPs), but studying the 
possibility of having 4 IPs
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https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3


FCC integrated program

6Future Circular Colliders succeeding the LHCAng LI--APC-Paris

1. On the 18 years of preparation
1) Feasibility study (5 year)
2) then civil constructions
3) then machine and detectors construction

2. 15 years of FCC-ee on different energy points
3. ~10 years to change the magnets between, and change the detectors
4. 25 years of FCC-hh 

FCC-ee FCC-hh

05/09/2021

https://www.nature.com/articles/s41567-020-0856-2
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Ø Luminosity as a function of centre-of-mass for the FCC-ee
with two interaction points (IPs) 

Ø Luminosity ranging from 2×10#$cm"%s"& per IP (Z pole) to 
1.5×10#'cm"%s"& per IP ( top energies)

Ø The luminosity of FCC on each operation point is larger than 
CEPC

Ø For FCC-ee
• 5×10&% Z boson (5 order of magnitude more than LEP)
• 108 WW events at WW threshold
• 106 ZH events at 240 GeV

FCC-ee Luminosities
FCC Physics Opportunities
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https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3
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vFCC-ee as a Higgs factory
ØFor the Higgs-strahlung (𝑒!𝑒" → 𝑍𝐻): 

1. Total Cross-section presents maximum at 𝑠 ~ 260 GeV
2. Event rate per unit of time is largest at 𝑠 ~ 240 GeV : 𝜎 ~ 200 +b ~ 10! events (@ 𝐿 = 5 𝑎𝑏"#)
3. Complemented with data at 𝑠 ~ 365 GeV, 1.8×10$ ZH and 0.45×10$ WW-fusions (~30% ) (@ 𝐿 = 1.5 𝑎𝑏"#)

(useful for measuring self-coupling and Γ% precisely)

Higgs production at Future Circular Collider (FCC)

HiggsStrahlung

Vector Boson Fusion

• s-channel, cross-section maximal 
above the threshold of the process

• t-channel, cross-section grows 
logarithmically with the centre-of-
mass energy

Ang LI--APC-Paris 05/09/2021



• Goal: Measurement of the ZH total cross section and Higgs boson mass

• Signal: 𝑒!𝑒" → 𝑍𝐻 → 𝑙 ̅𝑙 + 𝑋
ZH is the dominant Higgs production process @ 240 GeV 𝑒&𝑒"machine 

• Use events with a Z decaying leptonically, and reconstruct 𝑀()*+,- from the Z production 
without measuring the Higgs production final state 

𝑀()*+,-
% = 𝑠 − 𝐸- ̅- % − 𝑝- ̅-

% = 𝑠 − 2𝐸- ̅- 𝑠 + 𝑚- ̅-
%

• The reconstructed 𝑀()*+,- is sensitive to the precise 

knowledge of the centre-of-mass energy and ISR

• Model-independent study

• WW, ZZ and ⁄𝑍 𝛾 → 𝑙 ̅𝑙 Backgrounds @ 240 GeV

• This approach allows for precise measurements of 

ZH cross section (per mile) and Higgs mass (~ MeV)
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𝑆 𝑚-!-"

𝑀()*+,-

“Higgs recoil mass” technique at Future Circular Collider (FCC)

ZH Recoil talk at FCC WeekAng LI--APC-Paris 05/09/2021

https://indico.cern.ch/event/995850/contributions/4415989/attachments/2272945/3860610/ZHRecoilAnalysis_FCCWeek_29062021.pdf


• The 𝜎/0 accuracy could achieve 0.5% 

• Obtaining the ZH cross section, one can determinate 𝑔122
and Higgs width ( 𝛤1 )

• 𝑔122, 𝑔133, 𝑔144 and 𝑔155 are expected to achieve per 
mile precision
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Expected value of the coupling constanse

Ang LI--APC-Paris 05/09/2021

arXiv:2106.15438

https://arxiv.org/abs/2106.15438
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ZH cross section and mH at FCC-ee

ZH Recoil talk at FCC Week

ZH “Higgs mass recoil” study preliminary results 

With simple selections (without BDT) and fitting 
studies

Conclusion:
• Statistical analysis yields Higgs mass uncertainty 6.7 

MeV, cross-section 1.1 % (stat-only) 
• Inclusion of systematic uncertainties results into 8.0 

MeV / 1.9% respectively, where uncertainty from ISR is 
dominant but conservatively estimated 

• Will apply more advanced analysis techniques (BDT…)

Ang LI--APC-Paris
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https://indico.cern.ch/event/995850/contributions/4415989/attachments/2272945/3860610/ZHRecoilAnalysis_FCCWeek_29062021.pdf


12

The electron Yukawa coupling via resonant s-channel e!e" → H production

Ang LI--APC-Paris

arXiv:2107.02686

• Yukawa couplings have been measured so far only for t, b and 𝜏
• At the end of the LHC lifetime, part of the Higgs Yukawa couplings to the second-family fermions (the 

muon and, maybe, the charm quark) will have been probed 
• Higgs decay to 𝑒&𝑒" is unobservable: 𝐵𝑅 𝐻 → 𝑒&𝑒" ∝ 𝑚'

( ≈ 5×10")
• Resonant Higgs production was considered so far only for muon collider: 𝜎 𝜇&𝜇" → 𝐻 ≈ 70 𝑝𝑏
• σ**→% = 1.64 +b (m% = 125 GeV, Γ% = 4.2 MeV)

Challenges:
1. Centre-of-mass energy at Higgs pole (Accurate knowledge of Higgs mass (~MeV))
2. ISR and beam-energy spread (~MeV but still deliver large 𝐿,-.) 
3. Existence of multiple backgrounds

Fundamental Physics motivations:
1. Higgs mechanism for first familly of fermions
2. Electron Yukawa coupling is measurable
3. BSM scalar physics connected to electrons at ~ 100 TeV
4. New particle that is quasi-degenerate with Higgs boson mass?

(feasible at FCC-ee see ZH recoil study)

δ /, L012 = (4.1 MeV, 10ab"#)
σ*!*"→% = 280 ab

Its feasibility study is still on going

Signals Backgrounds:

05/09/2021

https://arxiv.org/pdf/2107.02686.pdf
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Trilinear Higgs Self-coupling

q Higgs strahlung: 𝑒!𝑒" → 𝑍𝐻

q WW-fusion: 𝑒!𝑒" → 𝜈 @𝜈)𝐻

q Higgs self-energy

Trilinear coupling:

• Including all the FCC-ee running, a model-independent precision of ±42% 
can be achieved on 𝑘6reduced to ±34% in combination with HL-LHC, and to 
±12% when only 𝑘6 is allowed to vary

• FCC-hh has the potential to reach a precision of ~ 3-5% of 𝜆# from di-Higgs 
production, in combination with the precise Higgs decay branching ratio 
measurements from the FCC-ee

• With four IPs, the first 5𝜎 demonstration of the Higgs self-coupling is whin 
reach in 15 years at FCC-ee

Ang LI--APC-Paris arXiv:1711.03978arXiv:1809.1004105/09/2021

https://arxiv.org/abs/1711.03978
https://arxiv.org/pdf/1809.10041.pdf


Conclusion
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vConclusion:
• The Higgs program can be achieved after few years of running 
• In the Higgs measurements, the “ZH recoil mass” method will allow for improving the 

uncertainty of m# to several MeV level (while Γ# = 4.1 MeV). And measure the 𝑔$%% as a 
“candle” for other Higgs studies

• Electron Yukawa couplings may arrive high confidential level via resonant s-channel 
e!e" → H production

• FCC-hh has the potential to reach a precision of ~ 3-5% of 𝜆& from di-Higgs production, in 
combination with the precise Higgs decay branching ratio measurements from the FCC-ee

• The FCC collaboration is welcoming new collaborators from all over the world. The next 
collaboration meeting which is open to everybody is the FCC week 2022 which will take 
place in Paris (May 20-June 3, 2022)
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Backup
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Detectors under study
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Detectors under study
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FCC timeline with LEP-LHC
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Signals, Backgrounds and Selections
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• Signals:
1. 𝑍(𝜇!𝜇")𝐻 (Whizard)
2. 𝑍(𝜏!𝜏")𝐻 (Whizard)
3. 𝑍(𝑞(𝑞)𝐻 (Whizard)
4. 𝑍 𝜈�̅� 𝐻 (Whizard)
5. 𝑍 𝑒!𝑒" 𝐻 (Whizard)

• Backgrounds:
1. ZZ(inclusive), (Pythia) 
2. 𝑊! 𝜈𝜇! 𝑊"(�̅�𝜇"), (Pythia) 
3. 𝑍 → 𝑙!𝑙", (Pythia) 
4. 𝑍 → 𝑞(𝑞, (Pythia)
5. 𝑒𝑒𝑍, (Whizard)
6. 𝛾𝛾 → 𝜇!𝜇", (Whizard)
7. 𝛾𝛾 → 𝜏!𝜏" (Whizard)

• 𝒔 = 𝟐𝟒𝟎 GeV
• ISR and FSR on
• Beam Energy Spread
• Luminosity:

𝐿 = 5 𝑎𝑏"&
• IDEA detector
• Spring2021 samples

Pre-Selection:
1. At least one Z boson from a 𝜇!𝜇" pair
2. 𝑚7!7" ∈ 80, 100 GeV

Or ZH inclusive (Pythia)

05/09/2021

ZH(inclusive) mumuH WW_mumu ZZ(inclusive) Zll

𝜎 ⋅ 𝐿 1006580 33822 1289600 6794950 68893500

NEVENTS 108 10$ 108 108 0.99 ⋅ 108

NEVENTS/𝜎 ⋅ 𝐿 9.93 29.57 7.75 1.47 0.14

Ang LI--APC-Paris
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Evolution of 𝑀,-./01 distribution

APC-2-Selection:
1. At least one Z boson from a 

𝜇&𝜇" pair
2. 𝑚3!3" ∈ 86, 96 GeV
3. 𝑀4*5607 ∈ 120, 140 GeV
4. 𝑝8

3!3" ∈ 20, 70 GeV
5. cos 𝜃9,::,-; < 0.98

APC-0-Selection:
1. At least one Z boson from  

a 𝜇&𝜇" pair
2. 𝑚3!3" ∈ 86, 96 GeV
3. 𝑀4*5607 ∈ 120, 140 GeV

APC-1-Selection:
1. At least one Z boson from 

a 𝜇&𝜇" pair 
2. 𝑚3!3" ∈ 86, 96 GeV
3. 𝑀4*5607 ∈ 120, 140 GeV
4. 𝑝8

3!3" ∈ 20, 70 GeV

05/09/2021

Reconstructed Particle
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Fitting model and parameter settings
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• Fitting functions

• Signal: 2CBG or Two-Sided Crystal Ball 

• Background: Second Order Polynomial

• S + B = nsig*signal + nbkg*background

ØInitial signal modelling using Two-Sided Crystal-Ball (DSCB) , further optimized to 2CBG by 
Jan:
• Two CB functions (left and right), sharing mean and width
• Added Gaussian to cope with the high tails
• In total three terms, which can float, but Gaussian suppressed in norm (𝑠𝑖𝑔𝑓𝑟𝑎𝑐1 + 𝑠𝑖𝑔𝑓𝑟𝑎𝑐2 > 0.8)
• In total 10 “free” parameters (+1 normalization)
𝑝𝑑𝑓 𝑀<'=>,?
= 𝑠𝑖𝑔𝑓𝑟𝑎𝑐1 ⋅ 𝐶𝐵 𝑀<'=>,?; 𝜇, 𝜎, 𝛼@, 𝑛@ + 𝑠𝑖𝑔𝑓𝑟𝑎𝑐2 ⋅ 𝐶𝐵 𝑀<'=>,?; 𝜇, 𝜎, 𝛼A, 𝑛A + 1 − 𝑠𝑖𝑔𝑓𝑟𝑎𝑐1 − 𝑠𝑖𝑔𝑓𝑟𝑎𝑐2 ⋅ 𝐺𝑎𝑢𝑠𝑠(𝑀<'=>,?; 𝜇(,𝜎()

Jan’s presentation
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https://indico.cern.ch/event/1050074/contributions/4411949/attachments/2268118/3851298/HRecoil_FCCeePhysicsPerformance_21062021.pdf

