
29th July 2021

Higgs boson measurements 
at Future Circular Colliders
Sylvie Braibant  
Bologna University 



Sylvie  Braibant - Higgs boson measurements at Future Circular Colliders /16

• Future Circular Colliders 

• Higgs boson precision measurements on couplings, cross section, 

total width, mass  

• Higgs boson self-coupling measurement 


• Higgs boson coupling to electron  
→  see Electron Yukawa from s-channel resonant Higgs production at 
FCC-ee M. David d'Enterria 29/07/2021 16:30 
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• Advantages of circular lepton colliders: 

• large luminosities

• can later be replaced by very high energy pp colliders


• →  Sequential implementation of a lepton and a hadron collider 
maximises the physics reach and covers more than 50 years of 
exploratory physics                 


• see Experimental challenges towards a full exploitation of the FCC-ee 
potential Alain Blondel 26/07/2021 11:00 

Future Circular Colliders
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• Future Circular Collider (FCC) at CERN: design study for a post-LHC 
collider installed in a tunnel with a circumference of 100 km 


• In a first phase: e+e- collider FCC-ee  


• In a second phase: pp-collider FCC-hh  

FCC@CERN
Future Circular Colliders
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5 ab-1 @ √s = 240 GeV 0.2 ab-1 @ √s = 350 GeV

1.5 ab-1 @ √s = 360 GeV


# H from HZ 1000000 200000

# H from VBF 25000 50000

• ~1.3⋅ 106 Higgs bosons produced  

• Clean environment and small backgrounds

FCC-ee@CERN
Higgs Boson Production at e+e- Colliders
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• High cross section (~1000 pb) 
and luminosity  
→ 3⋅1010  Higgs bosons 
produced for L = 30 ab-1

FCC-hh@CERN                                           CERN-ACC-2018-0045

Higgs Boson Production at pp Colliders
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FCC-hh
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• Measurement through the recoil mass 
method in e+e- → HZ (Z → l+ l-) 


• recoil mass distribution exhibits 
sharp peak at Higgs mass  
 
 
→  decay-mode independent 
measurement of the HZ coupling 

• ➝ expected relative precision on gHZZ 
of ±0.17% 

@FCC-ee  
Higgs Boson Coupling to Z
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• Summary of the expected relative precision (%) of the Higgs boson couplings 


• Most precise coupling measurements (to Z and W bosons) are measured to 
±0.2-0.4% 

@FCC-INT                                                       arXiv:1905.03764

Higgs Boson Couplings
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• Higgs boson to invisible decays are predicted in the Higgs-portal model of Dark 
Matter

• Selection of events with a Z boson and nothing:   

e+e- → HZ, H→invisible and Z → bb, l+ l-


• → Upper limits at the 95% CL: BRinv  < 0.19% @FCC-ee  

• FCC-ee will improve upon HL-LHC by an order of magnitude (BRinv < 1.9% @HL-LHC)

• FCC-hh by another order of magnitude (→ values below the SM value of 0.11%) 
 
 
 

• Upper limits at the 95% CL on exotic decays (final states that cannot be tagged as 
SM decays): BRunt  < 1%

@FCC-INT                                                         arXiv:1905.03764

Higgs Boson Invisible and Exotic Decays
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• Total Higgs boson ΓH can be extracted from 

• ZH inclusive cross section 

• in combination with exclusive Higgs decays 

• e+e-  → HZ, H ➝ ZZ* mostly @√s =  240 GeV 
 
 

• Improvement using 

• other decays particularly H ➝ WW* and H ➝ bb decays and 

• vector boson fusion channel e+e- → Hνν mostly @√s =  365 GeV


• ➝ Determination of ΓH  to ±1.1%

                                                    arXiv:1905.03764
Higgs Boson Total Width ΓH
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• Recent efforts to optimise and tune signal parameterisation (2 Crystal-
Ball + Gaussian) and to include systematic uncertainties (BES, ISR, …)


• Negative log-Likelihood scans as a function of the signal strength and 
of the Higgs mass 
 
 
 
 
 
 
 
 

120 122 124 126 128 130 132 134 136 138 140
m leptonic recoil

0

200

400

600

800

1000

Ev
en

ts
 / 

(0
.1

 G
eV

)

2CBG pdf with data
alphaL =  3.1 +/- 1.7
alphaR = -0.1497 +/- 0.017
mean =  125.087 +/- 0.012
mean2 =  125.398 +/- 0.084
n_L =  1.3 +/- 3.2
n_R =  3.69 +/- 0.66
nsig =  18188 +/- 134
sigfrac1 =  0.465 +/- 0.020
sigfrac2 =  0.401 +/- 0.027
sigma =  0.413 +/- 0.010
sigma2 =  0.831 +/- 0.099

/NDF: 1.492χ

Sgn.: mumuH

-1L = 5 ab
Selection: sel23

mumu

Data

Sig. Only Fit

2CBG pdf with data

120 122 124 126 128 130 132 134 136 138 140

 [GeV]recoilM

10−

8−

6−

4−

2−

0

2

4

6

8

10

Er
ro

r
D

at
a-

Fi
t

Recent developments on the “recoil mass” method                                
Higgs Boson Cross Section and Mass
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J. Eysermans - talk at the FCC week - June 2021

Precision on μ: 

± 1.9 %

Precision on mH: 

± 8.0 MeV

Preliminary Preliminary Preliminary 

https://indico.cern.ch/event/995850/contributions/4415989/
https://indico.cern.ch/event/995850/contributions/4415989
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• Deviation in the HZ Born cross section due to the Higgs boson self-
coupling 

• relative enhancement maximal  (~2%) at the HZ production threshold  
 
 
 
 
 
 
 
 
 

• With 5 ab-1 at √s ≃ 217 GeV → statistical precision on mH: ± 9 MeV

Scan of the HZ threshold  @FCC-ee           arXiv:2106.15438

Higgs Boson Mass
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in the SM due to k λ 

k λ k λ 
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• δσHZ can constrain a linear combination of the deviations in the Higgs  
self-coupling (parameterised as δh) and ghZZ/ghww couplings 
(parameterised as δZ) 
 
 
 
 
 
 
 
 

• ➝ gHHH coupling measurement to ±33% with 2 IP  
    reduced to ±24% with 4 IP

Single Higgs Production @FCC-ee                 arXiv:2106.15438

Higgs Boson Self-Coupling
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• Very large di-Higgs samples produced at FCC-hh

• σ(100 TeV) / σ(14 TeV) ≅ 40 

• L(FCC-hh) / L(HL-LHC) ≅ 10

• → Naively, factor 20 smaller statistical uncertainty

Di-Higgs Production @FCC-hh 
Higgs Boson Self-Coupling
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• Negative log-Likelihood scan as a 
function of the trilinear self-coupling 
modifier 


• ➝ Higgs self-coupling measurement with 
a precision in the range [3.4 - 7.8]% at 
68% CL depending on the assumed 
detector performance and systematic 
uncertainties

• only possible at a 100 TeV hadron 

machine

• possible thanks also to precise BR 

measurements at FCC-ee  

Di-Higgs Production @FCC-hh 
Higgs Boson Self-Coupling
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https://doi.org/10.1140/epjc/s10052-020-08595-3

30 ab-1

https://doi.org/10.1140/epjc/s10052-020-08595-3


Sylvie  Braibant - Higgs boson measurements at Future Circular Colliders /16

• Fantastic prospects to probe the Higgs sector with FCC: 

• Model-independent measurements of gHZZ and ΓH with FCC-ee 

• Sub-percent precision on several Higgs couplings 


• only possible with FCC-ee

• Percent precision on Higgs self-coupling 


• only possible with FCC-hh
• Synergy between FCC-ee and FCC-hh Higgs physics

• FCC-ee and FCC-hh will provide by far the best possible Higgs 

measurements of any accelerator

Conclusions
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• Several future colliders are proposed

• Circular lepton colliders: FCC-ee@CERN and CepC@China 
• pp colliders: FCC-hh@CERN and SppC@China

Future Circular Colliders
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HL-LHC 
(CERN)

CepC/SppC 
(China)

Need for a versatile 
machine capable to adjust 

to very different New 
Physics scenarios

FCC design study for a post-LHC 
collider at CERN: 


FCC-ee followed by FCC-hh

as recommended by the EPPSU 
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• The Future Circular Collider (FCC) study:  
Collider installed in a tunnel with a 
circumference of 100 km 


• The e+e- collider FCC-ee  is a first step 
towards a pp collider FCC-hh 
 
 

• “Most effective and comprehensive approach to thoroughly 
explore the open questions in modern particle physics is a 
staged research programme, integrating in sequence lepton 
(FCC-ee) and hadron (FCC-hh) collision programmes”  
M.Benedikt

FCC@CERN                                         https://fcc-cdr.web.cern.ch/

Future Circular Colliders
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FCC-ee: e+e− Circular Collider

CERN/SPC/1114 (2018)

Luminosity limited by SR
• top-up injection (once per minute)
• 50 MW power/beam
• 2 interaction points

RF system:  high-current → high gradient
3 sets of RF cavities

Vrf [GV] #bunches Ibeam [mA]
Z 0.1 16640 1390

WW 0.44 2000 147
ZH 2.0 393 29
top 10.9 48 5.4

First-phase machine in the 100-km tunnel  
built to host eventually FCC-hh

Z  

2×1012 

Z/y

150 ab−1 12 ab−1 5 ab−1 1.5 ab−1

2×107 

W/y

3×105 

H/y
4×105 

t/y

FCC-ee running scenario (2IPs)

WW 
×10

ZH 
×10

top 
×10

2039?FCC-ee CDR fall 2018

Asymmetric optics with beam 
crossing angle of 30 mrad
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FCC-ee@CERN
Future Circular Colliders
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                                    √s

  Z peak                    91 GeV          5x1012    e+e-  ➝   Z   

  WW threshold      161 GeV             108       e+e- ➝  WW

  ZH threshold        240 GeV             106       e+e- ➝   ZH

�tt  threshold          365 GeV             106       e+e- ➝ �tt
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• pp-collider FCC-hh @ 100 TeV in a second phase 

FCC-hh@CERN
Future Circular Colliders
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• First phase: a circular electron-positron 
collider in a tunnel with a circumference 
of 50-70 km

CepC/SppC@China
Future Circular Colliders
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50 km

70 km
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Future Circular Colliders
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• Consolidated option based on the 
detector design developed for CLIC: 
P r o v e n c o n c e p t , u n d e r s t o o d 
performance

• 2 T solenoid

• All silicon vertex detector and tracker

• High granularity calorimeter system

• Muon detector with RPCs

FCC-ee
Detectors
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CLD IDEA

• New, innovative, probably more cost-
effective design 


• Thin and light 2 T solenoid coil inside 
calorimeter system

• Silicon vertex detector

• Short drift, ultra light wire chamber

• Dual Readout calorimeter

• MPGD-based muon detector
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• Must be able to cope with:

• Very large dynamic range of signatures: E = 20 GeV — 20 TeV

• Hostile environment  (1k pileup and up to 1018 cm-2 MeV neutron equivalent  fluence)


• Characteristics:

• Large acceptance (for low pT physics) 

• Extreme granularity (for high pT and pile-up rejection) 

• Timing capabilities


• Radiation hardness  
 
 
 
 
 
 
 
 
 
 
 

FCC-hh
Detectors
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• Kappa  framework  
• Characterisation of Higgs couplings in terms of a series of Higgs coupling 

strength modifier parameters k 

• defined as the ratios of the couplings of the Higgs bosons to particles i to 
their corresponding Standard Model values


• EFT approach  
• introduced to parametrise directly the new physics (rather than its effects) in 

terms of gauge invariant operators 

• global fit including not only Higgs but also di-boson and EWK precision 

observables 

                                                                   arXiv:1307.1347

kappa  and EFT Framework
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• Characterisation of Higgs couplings in terms of a series of Higgs 
coupling strength modifier parameters k 

• defined as the ratios of the couplings of the Higgs bosons to 
particles i to their corresponding Standard Model values 

• Extension to allow the Higgs boson decays into invisible or all other 
untagged BSM particles

arXiv:1209.0040 

kappa  Framework

27



Sylvie  Braibant - Higgs boson measurements at Future Circular Colliders /16

• Relative uncertainty on σZH⋅Br(H → XX) and σHνν⋅Br(H → XX)

• → Accuracy to ±0.5 %

Higgs Boson Cross Section

28

@FCC-ee                                                       arXiv:2106.15438
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• With ΔkZ/kZ = 0.17% and under the same coupling assumption, one 
can extract the Higgs total width 


• ➝ Determination of ΓH  to ±1.1% 

• Overview of expected precision

                                                               arXiv:1905.03764
Higgs Boson Width ΓH
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                                                        arXiv:1910.11775
Higgs Couplings at Future Colliders
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Higgs Decays to Light Quarks
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• Precision on a few Higgs boson couplings gHXX in the κ framework

With/Without HL-LHC
Higgs Boson Couplings
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P. Janot - 2nd FCC France Workshop 20-21 Jan 2021 
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• Improvement is shown as the ratio of the precision at the HL-LHC over 
the precision at the future collider

Improvements compared to HL-LHC
Higgs Boson Couplings
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kappa  framework SMEFT framework 
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• Characterisation of Higgs couplings in terms of a series of Higgs 
coupling strength modifier parameters κ 

• defined as the ratios of the couplings of the Higgs bosons to particles 
i to their corresponding Standard Model values


• Extension to allow the Higgs boson decays to invisible or untagged BSM 
particles

• Higgs boson decays to BSM particles separated in two classes: 

• decays into invisible particles

• decays into all other “untagged” particles

arXiv:1209.0040 

kappa  Framework
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kappa  Scenarios
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• Total ΓH can be extracted from a combination of measurements in a 
model independent way using 

• the inclusive cross section of the ZH process from the mass recoil 

method 

• in combination with measurements of exclusive Higgs decay cross 

sections

• e+e-  → HZ, H ➝ ZZ* mostly at √s =  240 GeV: 

                                                    arXiv:1905.03764

Higgs Boson Width ΓH
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• Improvement using 

• other decays particularly H ➝ WW* and H ➝ bb decays and 

• vector boson production channels e+e- → Hνv  

mostly at √s =  365 GeV

                                                    arXiv:1905.03764

Higgs Boson Width ΓH
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• Detecting non-zero CP-odd components in the Higgs interactions with SM particles 
would point to BSM physics 


• Departures from the SM parametrised in terms of dimension-6 operators


• CP-violating interactions of the Higgs boson with fermions can be parametrised as: 
 
 
 
where angle α parametrizes the departure from the CP-even case 


• @FCC-ee

• Most promising direct probe of CP violation in fermionic Higgs decays is the ττ  

decay channel (relatively large branching fraction (6.3%) 

• @FCC-eh: CP violation in the top quark interactions


• a precision of 1.9% could be achieved on αt

                                                    arXiv:1905.03764
Higgs Boson CP
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• Higgs trilinear indirectly constrained through loop corrections to σZH


• δσHZ can constrain a linear combination of the deviations in the self-
coupling (parameterised as δkλ) and HZZ/HWW couplings 
(parameterised as δcZ) 

@FCC-ee                                              
Higgs Boson Self-Coupling
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• Assumed detector performance and systematic uncertainties: 

Di-Higgs Production @FCC-hh 
Higgs Boson Self-Coupling
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https://doi.org/10.1140/epjc/s10052-020-08595-3

https://doi.org/10.1140/epjc/s10052-020-08595-3
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• 68% CL uncertainties on δκλ 

with di-Higgs and single-
Higgs 
(all combined with HL-LHC)


• kλ coupling measurement 
to ±5% 
• only possible at a 100 TeV 

hadron machine

• possible thanks also to 

precise BR measurements 
at FCC-ee 

Summary @FCC-INT
Higgs Boson Self-Coupling
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• Studied a number of final states: 
bbɣɣ most sensitive channel


• Per-cent level precision of HHH 
coupling  
• Only possible at a 100 TeV 

hadron machine

• δκλ 5% possible thanks also to 

precise BR measurements at 
FCC-ee 

Di-Higgs Production @FCC-hh 
Higgs Boson Self-Coupling
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