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Higgs in 2022
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Higgs in 2022
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• mh = 125.38 ± 0.14 (CMS) / 124.92 ± 0.21 GeV (ATLAS) 
• The couplings to the first and second generations have not 

been measured yet.  
• The Higgs coupling to the muon is expected to be 

observed during the HL-LHC running

• Probing the charm Yukawa at the LHC is very challenging  
• The most stringent constraint to date is set by CMS using 138/fb of Run 2 data |κc|<3.4 

• BR(inv.) < 0.17 (0.11) is the most stringent constraint currently set by CMS exploiting the VBF 
topology and with 108/fb

ATLAS+CMS HL-LHC 2022 study

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/ATL-PHYS-PUB-2022-018.pdf
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Self-coupling : HH searches at the LHC
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Main channels only based on full Run 2 (126-139/fb) analyses
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https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm
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Status Theory Predictions
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• The theory uncertainty expected to be comparable to the expected statistical and systematic 
uncertainties of the measurements. 
• Impressive progress so far, theory uncertainties can be reduced by a factor of two in the future 

arXiv:2203.06730 
arXiv:1902.00134
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Higgs physics at the HL-LHC

The High Luminosity era of  LHC will dramatically expand the physics reach for Higgs physics:  
• 2-5% precision for Higgs couplings to bosons and third generation fermions 
• Larger uncertainties on Z𝜸 and charm  
• <50% on the self-coupling
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ATLAS+CMS HL-LHC 2022 study

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/ATL-PHYS-PUB-2022-018.pdf
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Higgs as a guide
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Higgs as a guide

9

LHC

2030 2040 2060

HL-LHC

e+e-

very high energy

O(10)%  O(0.1-1)%  O(1)‰ 
O(1)%

H couplings to: 

H self-coupling to <O(50)%  O(20)%  

Wish list beyond HL-LHC: 
 
1. Establish Yukawa couplings to light flavor ⟹ precision & lumi 
2. Search for invisible/exotic decays and new Higgs ⟹ precision & lumi 
3. Establish self-coupling ⟹ high energy 
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Various machines to consider
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Why leptons?

• Initial state well defined (& polarization)  ⟹ High-precision measurements  
• Higgs bosons appear in 1 in 100 events   ⟹ Clean experimental environment and less backgrounds, 

                                                                     trigger-less readout 

11

pp/LHC e+e-
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Higgs at e+e- 

• ZH is dominant at 250 GeV 
• Above 500 GeV  

• hVV dominates  
• tth opens up 
• hh production accessible with 
Zhh

12
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Higgs at e+e- 

• At 250 GeV the total Zh cross section can be extracted 
independently of the Higgs boson’s detailed properties by 
counting events with an identified Z boson  

• The Zh total cross section can be measured from the area of 
the signal peak to ∼ O(1%) precision 
• This model-independent measurement of the hZZ coupling 

is unique to e+e- colliders 
• In combination with the measurement of the rate of Zh events 

with a h→ZZ decay, a model-independent determination of 
the Higgs total width can be obtained 

13

arXiv:2203.07622
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strange and electron Yukawa
• ILD combined limit of κs < 6.74 at 95% CL with 900/fb at 250 GeV (i.e. half dataset) 
• Electron Yukawa at FCC-ee with a dedicated 4 years run at the Higgs mass 

•  κe < 1.6 at 95% CL

14

arXiv:2203.07535
arxiv:2107.02686

https://arxiv.org/pdf/2107.02686.pdf
https://arxiv.org/pdf/2203.07535.pdf
https://arxiv.org/pdf/2107.02686.pdf


Caterina Vernieri Snowmass Community Summer Study・July 23, 2022 

Light Yukawa ?

15



Caterina Vernieri Snowmass Community Summer Study・July 23, 2022 

Higgs Boson couplings 

• All the e+e- machines being considered at ~ 250 GeV energy collisions will improve with respect to the HL-LHC the 
understanding of the Higgs boson couplings - 1-5% 
• Coupling to charm quark could be measured with an accuracy of ~1% in future e+e- machines 
• Couplings to µ/𝜸/Z𝜸 benefit the most from the large dataset available at HL-LHC  
• At low energy top-Higgs and self-coupling coupling is not accessible, > 500 GeV is required  

16
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Higgs couplings for ILC
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From 500 to 550 GeV a factor two gain 
in precision on the Higgs-top coupling

arXiv:2203.07622 
arXiv:1506.07830
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Higgs couplings at the muon collider
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arXiv:2203.07261

https://arxiv.org/pdf/2203.07261.pdf
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Higgs couplings at future machines

• The Zγ interaction remains difficult to measure at all future machines  
• Higher energy collision is required (factor 2 from 500 to 550 GeV e+e-) to further constraints the Higgs-

top coupling 
• These results are based on the κ0 scenario of the ESG (combined with projections for HL-LHC results) and 

do not allow for BSM decays

19
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The Higgs self-coupling at future colliders 
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Not updated (yet) since 
the YR, although new 
projections available 
based on full Run 2 
dataset
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CP properties
• Most processes could be studied at an e+e- collider with the beam energy above the tth threshold.  
• Future e+e- colliders are expected to provide comparable sensitivity to HL-LHC in hff couplings, and 

potentially higher sensitivity in hZZ couplings.  
• The muon collider operating at the Higgs boson pole allows to measure the CP structure of the hµµ vertex 

with the beam polarization

21

arXiv:2205.07715
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Higgs width

• The measurement of the width is also extremely sensitive to high scale new physics.   
• HL-LHC can constrain the Higgs boson width indirectly from the ZZ→4l channel 4.1+.7-.8 MeV  ~17% 

accuracy 
• The indirect measurement is more akin to an absolute coupling normalization and can be viewed as 

part of the larger ``Higgs without Higgs" framework.   
• The full FCC-ee program (combined with HL-LHC) allows for a 1% measurement of the Higgs width.  
• Using a SMEFT fit, the ILC finds similar results for the full program, but with just the initial 250 GeV run, 

a 2% measurement on the total width can be obtained. 
• A muon collider running at 125 GeV can obtain a model independent measurement of the Higgs total 

width 2.7% with 5/fb by using a line-shape measurement 
• A high energy muon collider should obtain a similar order of magnitude precision using the indirect 

methods employed at the LHC with the same theoretical assumptions, and the FCC-hh could in 
principle also use these methods with further study.

22
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Summary plot
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How we get to new physics from here?
Higgs Inverse problem of how to map from observables to new physics
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New from the ESG update

• Phenomenology of a strong electroweak phase transition 
• It can manifest through shifts in the Higgs cubic coupling, but could still occur without any deviation 

in this coupling 
• Deviations in all types of observables are also possibly correlated with the phase transition, including 

exotic Higgs decays 
• Flavored phenomenology  

• Flavor violating decays 
• Flavor preserving deviations in light quarks Yukawas : studies for direct probes of this at e+e- colliders 

and related resonance probes from the LHC and other colliders 
• Singlet phenomenology 

• introduction of scalar resonance decaying to particles with different masses  
• Viable models of triple-Higgs production at the HL-LHC and beyond 

• Triple Higgs and quad Higgs measurements should be pursued at future colliders.

25
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Size of Higgs 
Coupling deviations?

Tree level origin 
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M . 0.9TeV
<latexit sha1_base64="PCsO+IvSGfJVOwvQwhnk4pUs/ac=">AAACBXicdVDLSsNAFJ3UV62vqEtdDBbBhYS0FO2y6MaNUKEvaEKZTG/aoTNJmJkIJXTjxl9x40IRt/6DO//GpK1QXwcuHM65l3vv8SLOlLbtDyO3tLyyupZfL2xsbm3vmLt7LRXGkkKThjyUHY8o4CyApmaaQyeSQITHoe2NLjO/fQtSsTBo6HEEriCDgPmMEp1KPfPw2uGglGICl60qdk4dQfRQiqQBrUnPLJYsewps/yJfVhHNUe+Z704/pLGAQFNOlOqW7Ei7CZGaUQ6TghMriAgdkQF0UxoQAcpNpl9M8HGq9LEfyrQCjafq4kRChFJj4aWd2Y3qp5eJf3ndWPtVN2FBFGsI6GyRH3OsQ5xFgvtMAtV8nBJCJUtvxXRIJKE6Da6wGML/pFW2SmdW5aZSrF3M48ijA3SETlAJnaMaukJ11EQU3aEH9ISejXvj0XgxXmetOWM+s4++wXj7BC/nl8I=</latexit>

M . 2.8TeV

<latexit sha1_base64="VVrQE8v1bfF+TnaKB3Q19+g3cM8=">AAAB8HicdVDJSgNBEK2JW4xb1KOXxhDwNMxIUI9BLx4jmEUyQ+jp9CRNunuG7h4hDPkKLx4U8ernePNv7CxC3B4UPN6roqpelHKmjed9OIWV1bX1jeJmaWt7Z3evvH/Q0kmmCG2ShCeqE2FNOZO0aZjhtJMqikXEaTsaXU399j1VmiXy1oxTGgo8kCxmBBsr3QWaCeT6QbVXrviuNwPyfpEvqwILNHrl96CfkExQaQjHWnd9LzVhjpVhhNNJKcg0TTEZ4QHtWiqxoDrMZwdPUNUqfRQnypY0aKYuT+RYaD0Wke0U2Az1T28q/uV1MxNfhDmTaWaoJPNFccaRSdD0e9RnihLDx5Zgopi9FZEhVpgYm1FpOYT/SevU9c/c2k2tUr9cxFGEIziGE/DhHOpwDQ1oAgEBD/AEz45yHp0X53XeWnAWM4fwDc7bJ2rij4M=</latexit>

⇠ .1%

<latexit sha1_base64="q26RigMGQjl0HjGF/51GJWntUHM=">AAAB73icbVBNSwMxEJ2tX7V+VT16CZaCp7IrRT0WvXisYD+gu5Rsmm1Dk+yaZIWy9E948aCIV/+ON/+NabuItj4YeLw3w8y8MOFMG9f9cgpr6xubW8Xt0s7u3v5B+fCoreNUEdoiMY9VN8SaciZpyzDDaTdRFIuQ0044vpn5nUeqNIvlvZkkNBB4KFnECDZW6vqaCeT51X654tbcOdAP8ZZJBXI0++VPfxCTVFBpCMda9zw3MUGGlWGE02nJTzVNMBnjIe1ZKrGgOsjm905R1SoDFMXKljRorv6eyLDQeiJC2ymwGellbyb+5/VSE10FGZNJaqgki0VRypGJ0ex5NGCKEsMnlmCimL0VkRFWmBgbUcmGsPLyKmmf17yLWv2uXmlc53EU4QRO4Qw8uIQG3EITWkCAwxO8wKvz4Dw7b877orXg5DPH8AfOxzf9yI9L</latexit>

⇠ 1%
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An example of complementarity 

• Pattern of deviations associated with a particular parameter point in a 2HDM model is quite different from a singlet model 
• 2HDM with a 600 GeV mass scale and asinglet with a 2.8 TeV scalar. Both of these are clearly out of the direct 

search reach of circular e+e− Higgs factories despite having the precision to test them via Higgs couplings 
• High energy collisions would be then required to study such new particles 

27

arXiv:2203.07622 
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Flavor violating 2HDM

29

arXiv:2203.07535

A spontaneous flavour violating (SFV) 2HDM 
allows for large couplings of additional Higgs to 
strange/light quarks while suppressing flavor-
changing neutral currents

https://arxiv.org/pdf/2203.07535.pdf


Caterina Vernieri Snowmass Community Summer Study・July 23, 2022 

Exotic Higgs Decays

•  At low energy, e+e- running near the Zh maximum cross 
section extra bounds on h→ anything can be derived 
• One order of magnitude improvement over HL-LHC 

• Connection to allowed phase transitions as a function of 
the light scalar mass and the branching ratio h→SS 
• Both the HL-LHC and future Higgs factories can 

probe the region with an allowed electroweak phase 
transition.

30

arXiv:2203.07622 
arXiv:2203.08206 
arXiv:1612.09284 
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Towards the final version of the report:

31

Please share with us your thoughts on the report 
 



Extra
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One note on polarization

• There are extensive comparisons between the FCC-ee 
plan and the C3/ILC runs that show they are rather 
compatible to study the Higgs Boson 

• When analyzing Higgs couplings with SMEFT, 2 ab-1 of 
polarized running is essentially equivalent to 5 ab-1 of 
unpolarized running. 
• Electron polarization is essential for this 
• There is almost no difference in the expectation with 

and without positron polarization. 
• more cross-checks of systematic errors.  
• relevant at high energy (> TeV) where the most 

important cross sections are initiated from  e-Le+R

34

arXiv:1708.08912 
arXiv:1801.02840
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Global fit results - from EF04

• Solid has no exotic Higgs 
decays, the light fits the width

35
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New from HL-LHC

36

ATLAS+CMS HL-LHC 2022 study

YR projections based on analyses of partial Run 2 dataset 
Full Run 2 measurements have drastically improved previous results 
We need to update our HL-LHC projections 

Quentin Buat

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/ATL-PHYS-PUB-2022-018.pdf
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Higgs production at large pT

37

ATLAS+CMS HL-LHC 2022 study

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/ATL-PHYS-PUB-2022-018.pdf
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Prospects for light quark couplings at HL-LHC

• Exclusive decays to γ+meson include contributions 
from light quark Yukawa couplings  

• Interpretation of Higgs width constraint: direct 
measurement and via off-shell 

• Interpretation of kinematic distributions  
• Direct search for H→cc  
• Global fit of all Higgs couplings (assuming no other 

BSM decays)

38

CERN-LPCC-2018-04
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Higgs-electron Yukawa
• Electron Yukawa at FCC-ee with a dedicated 4 years run at the Higgs mass 

•  κe < 1.6 at 95% CL

39

arxiv:2107.02686

https://arxiv.org/pdf/2107.02686.pdf
https://arxiv.org/pdf/2107.02686.pdf
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Extended Higgs sector

40

arXiv:2203.07261

https://arxiv.org/pdf/2203.07261.pdf

