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Context

 European Strategy for Particle Physics 2018-2020
– CERN Yellow Report on the Physics at the HL-LHC, and Perspectives for the 

HE-LHC (link) 
– symposium in 2019 + briefing book (link) + conclusions (link)

 US Snowmass process 2020-2022
– proceedings end of 2022
– White paper by ATLAS and CMS (link)

 Assumption on systematics for HL-LHC studies:
– statistics-driven: data → √L, simulation → 0
– theory uncertainties typically halved
– intrinsic detector limitations stay ~constant
– luminosity uncertainty 1%
– PDF uncertainties reduced by a factor 3 to 4

https://cds.cern.ch/record/2703572?ln=en
http://cds.cern.ch/record/2691414
https://cds.cern.ch/record/2721370
https://www.slac.stanford.edu/econf/C210711/
http://cdsweb.cern.ch/record/2805993
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FCC-ee physics case (true for most ee colliders)

C. Grojean

this talk

https://indico.cern.ch/event/1307378/contributions/5720989/attachments/2789031/4879011/Grojean.pdf
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Higgs boson physics
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Higgs production at pp and ee colliders
 pp colliders

 High cross-section and luminosity
– from 2.107 (LHC) to 3.1010 (FCC-

hh) produced Higgs bosons

 ee colliders

 Two important thresholds: 
√s ~250 GeV for ZH, 500 GeV for ttH

FCC-hhHE-LHCHL-LHC
FCC-ee,  ILC, CECP

FCC-ee, ILC, CLIC
CLIC CLICILC
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Higgs boson physics at HL-LHC (1) 

 Di-Higgs:
– 4σ significance
– 50% uncertainty on λ

HHH

 Yellow Report released end of 2018 with many updates of Physics 
Prospective with ATLAS and CMS (link to Higgs chapter)

 Single-Higgs:
– O(%) uncertainties

https://arxiv.org/abs/1902.00134
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Higgs boson physics at HL-LHC (2) 

 Examples of progress in the past years:
 Coupling to muons through H→ μμ

– expected precision on signal strength (YR2018 uncertainties):

– 5σ can be expected at the end of Run 3

 Di-Higgs: YR2018 ATLAS+CMS: expected significance of 4σ
– improvement in ATLAS HH→ bbττ only

 Also a lot of recent progress on couplings to charm quarks
– thought to be impossible at the beginning of LHC

Statistical Experimental Theoretical Total

ATLAS YR2018 2.00% 13%
CMS Snowmass2013 14%
CMS YR2018 9% 2% 3% 10%
CMS Snowmass2021 6% 2% 2% 7%

'+12%
-13%

'+5%
-4%

factor 2 in 
8 years!

ATL-PHYS-PUB-2022-018/
CMS-PAS-FTR-22-001

Stat-only Stat+Syst
YR 2018 2.5σ 2.0σ
Snowmass 2021 4.0σ 2.8σ
ATLAS-PHYS-2024-016 4.9σ 3.8σ

CERN-2019-007

ATL-PHYS-PUB-20
24-016

http://cdsweb.cern.ch/record/2805993/files/ATL-PHYS-PUB-2022-018.pdf
http://cdsweb.cern.ch/record/2805993/files/ATL-PHYS-PUB-2022-018.pdf
https://cds.cern.ch/record/2703572?ln=en
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/
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Higgs couplings at Future Colliders 1910.11775

https://arxiv.org/abs/1910.11775
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Higgs self-couplings at Future Colliders

 HL-LHC will exclude the absence of the Higgs self-interaction at 95%CL
 Several of the proposed FCs will reach a sensitivity of ~20% 

 establish the existence of the self-interaction at ⇒ establish the existence of the self-interaction at 5σ
 CLIC3000/FCC-hh can reach a sensitivity of ~10%/5%  can start ⇒ establish the existence of the self-interaction at probing 

the size of the quantum corrections to the Higgs potential directly

1910.11775

https://arxiv.org/abs/1910.11775
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Higgs boson mass

 Current experimental precision ~0.1% (150 MeV)
 Needs a 10 MeV precision to avoid any limitation on the ZZ/WW couplings
 Prospects at the time of ESPPU2020: 

 Can be used to compare detector concepts
– NB: nominal δ

mH
 of 4 MeV in latest FCC-ee studies

impact on the H → ZZ* partial decay width

JHEP01(2020)139

DOI 10.17181

Ang Li

https://link.springer.com/article/10.1007/JHEP01(2020)139
https://repository.cern/records/a68b8-3mt57
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Higgs width

 Impossible to achieve at pp colliders without assumptions
 Mass recoil: mesure inclusive cross-section of ZH without assumption on the 

Higgs boson’s BRs:

– mild model dependence
 Prospects at the ESPPU2020: 

 Still ongoing effort, 27 channels to cover!

JHEP01(2020)139

DOI 10.17181/4wxpk-1zy78

https://link.springer.com/article/10.1007/JHEP01(2020)139
https://repository.cern/records/ysabc-wm427
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New ideas for Higgs boson measurements

 e+ e– → H at √s = 125 GeV:
 probe electron-Yukawa coupling

– only way to do it?
 Small cross-section  large dataset⇒ establish the existence of the self-interaction at 
 Beams must be monochromatized 

(spread of E
CM

 ~ Γ
H
) while keeping 

large beam luminosities
 m

H
 must be known at 4 MeV level

 Significance of 1.3σ/IP/year can be 
achieved

 e+ e– → ZH at √s = 217 GeV: 
probe Higgs mass from threshold

 Needs accurate measurements of Z 
mass and width at the Z-pole

 SM-only assumptions → new 
physics can break the dependency

 Syst. effects to be evaluated

 5 MeV uncertainty can be achieved 
with 5 ab-1

– 10 MeV more realistically

2107.02686

2106.15438

https://arxiv.org/pdf/2107.02686
https://arxiv.org/abs/2106.15438
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Example of possible Higgs studies at FCC-ee

J. Eysermans, FFC Physics workshop, Jan 2024

https://indico.cern.ch/event/1307378/contributions/5721015/attachments/2791532/4869200/Higgs_Top_Performance_FCCWorkshop_Jan2024.pdf
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EW precision observables
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EWPO: introduction

 Number of expected weak bosons:

1910.11775

https://arxiv.org/abs/1910.11775
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W mass measurement
link

https://agenda.infn.it/event/34841/contributions/203973/attachments/111311/158785/paestum23.pdf
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Physics at the Z pole
link

https://agenda.infn.it/event/34841/contributions/203973/attachments/111311/158785/paestum23.pdf
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Electroweak observables

 Dedicated program at FCC-ee CEPC

 ILC: 
– studies of radiative return to the Z at 250 GeV
– possibility of a 1-year run at the Z pole (3 x 109 Z's)
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Properties related to the EW bosons

 > factor 10 improvement wrt current values

1910.11775

https://arxiv.org/abs/1910.11775
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More on the detector requirements

 General requirements:

 Benchmarks for the vertex detector
– H→ bb/cc couplings
–  Br(B→K*ττ)~10ττ)~10-7

 Benchmarks for the inner tracker 
momentum resolution

– Higgs boson mass
– K

s
→π+π- (decay of B+ meson)

 Benchmarks for Particle ID
– Flavor physics measurements: 

B0
S
→D±

S
K∓, B→K*ττ)~10νν, B

s
→ϕνν, …

– s-quark jet identification → kaon ID 
(H→ss, V

ts
, V

bs
, H→bs, FCNCs, …)

 Benchmarks for calorimetry
– hadronic: H→WW/ZZ jet separation
– electromagnetic: flavor physics 

(B
s
→D

s
K, B

0
→π0π0, Bs→K*ττ)~10ττ), 

Higgs, new physics searches (e.g. 
Z→μe, τ→μγ, e+e-→aγ→γγγ), 
bremsstrahlung recovery, tau 
polarization (separate τ±→ρ±ν→π±π0ν 
 and  τ±→π±ν) 

 Benchmarks for muon spectrometer
– B0→μμ

All stolen from this link

https://indico.cern.ch/event/1298458/contributions/5975666/attachments/2874286/5033190/DetectorRequirements_Zhu.pdf
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Conclusion

 Priority of ESPPU2020 to build a e+e- collider 
– > factor 10 improvement on EW precision variables and Higgs boson 

parameters
● sensitive to order of magnitude heavier NP in loops

– some measurements impossible at pp colliders (Higgs boson mass and width)

 Continuous progress in the prospective studies
– but will have to fulfil the assumptions on the systematic uncertainties

 Now that we are progressing to the design of detectors, several EW or Higgs 
benchmarks can help comparing the options
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Back-up
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EWPO: improvement wrt HL-LHC

 Trilinear gauge couplings
– will achieve precision 10-3-10-4

– about 2-3 orders of magnitude better than LEP
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Impact of EWPO (Z pole meas.) on Higgs couplings
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Rare decays: light quarks

 Constraints on light Yukawa obtained from the upper limits on BR
untagged

 Hee: very challenging
– FCC-ee: SM sensitivity could be reached in a five year run with a dedicated run 

at √s=m
H
 → to be extended

 Add also reach of H->mesons
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Invisible width

 Connection between the Higgs boson and dark matter searches
 In the SM,  BR

SM, inv
 =  BR(H→4ν) =  0.11%

 Current LHC limits ~ 15-20% @ 95%CL
 Direct searches for Invisible width: fundamentally different in a hadron 

collider (MET uncertainties) and a lepton collider (Z recoil)
– Lepton colliders would improve upon HL-LHC limits by an order of magnitude
– FCC-hh : another order of magnitude: values below the SM

95% CL upper bound on BR
inv

 [%]



02/23/12      27

Fine-tuning

 The naturalness problem can be quantified by the ratio ε of the experimentally 
measured Higgs mass to the quantum corrections to the Higgs mass

– ε ~ 10-34 in SM where no New Physics below the Planck scale
– ε ~ 1 if no fine-tuning

1910.11775

https://arxiv.org/abs/1910.11775

