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Measuring the Higgs potential: motivation

Higgs self-coupling: one of the most important properties of the Higgs boson that is not measured yet 
In the Standard Model: the Higgs potential is responsible for the masses of all particles 

•Directly responsible for the interaction of the Higgs boson with itself 
•Trilinear coupling: responsible for di-Higgs production 
•Quartic coupling: responsible for triple-Higgs production
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In the Standard Model: 
•Not given for a fact, needs to be measured   
•New physics can affect the shape of the Higgs potential → large consequences for the Universe
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Standard Model New physics
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Probing self-interaction di-Higgs and triple Higgs

Probing the Higgs self-coupling possible through di-Higgs and triple Higgs measurements: 
•Di-Higgs: nearly exclusively sensitive to 𝜆3 coupling (very small contribution from 𝜆4) 
•Triple Higgs: sensitive to both 𝜆3 and 𝜆4 coupling 
→ Full determination of the Higgs potential only possible through combined measurement! 

Sensitivity: 
•Di-Higgs: current sensitivity < 2.5 x SM @ 95% CL → expect evidences at HL-LHC 
•Triple Higgs: considered impossible to measure at LHC → No estimated results so far!

Signal Irreducible background with Higgs bosons 

Di-Higgs

Triple Higgs
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Extrapolating HHH sensitivities from FCC to LHC
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Triple Higgs projections @ FCC-hh

Different diagrams with three Higgs in the final state: involving both cubic and quartic coupling 
•Case study: focus on three decay modes based on theory papers at 100 TeV 
•HHH→ (bb) (bb) (bb) [Eur. Phys. J. C (2019) 79:947]: largest branching fraction + large background 
•HHH → (bb) (bb) (ɣɣ) [arXiv:1606.09408v1] : low branching ratio but clean signature with photons 
•HHH → (bb) (bb) (𝛕𝛕) [Phys. Lett. B771 (2017) 354-358] : trade off branching ratio vs background  

•Also very sensitive channel in di-Higgs

Main Feynman diagrams of triple Higgs production

Triple Higgs

https://s3.cern.ch/inspire-prod-files-3/3c376e552568ca54f6f43c9c32f2b318
https://arxiv.org/pdf/1606.09408.pdf
https://arxiv.org/pdf/1704.04298.pdf
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Cross-sections

Maltoni, Vryonidu, Zaro

Extrapolation from 100 TeV to 13 TeV:  
•σ(HHH)13TeV / σ(HHH)100TeV = 1 / 60 
•σ(QCD 6-bjets)13TeV / σ(QCD 6 b-jets)100TeV = 1 / 10 (taken from this paper) 
•Assume 2 different scenarios:  

1.Optimistic scaling: both signal and background scale with 1 / 60  
2.Pessimistic scaling: signal 1/60 and background 1/10  (more accurate for HHH→6b) 
•‘Pessimistic’ in the sense that these theory papers are mostly simple cunt and count, not optimised 

https://arxiv.org/pdf/1408.6542.pdf
https://arxiv.org/pdf/2101.00037.pdf
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Estimated result at LHC @ 13 TeV

Estimated results: 60-150x SM prediction for triple Higgs productions with 139/fb 
•Note: back of the envelope estimate based on simple theory projections 

•Missing crucial components such as detector resolutions, systematics, object reconstruction 
•Object identification performance: optimistically 

•Need to test this experimentally with a dedicated analysis at the LHC



Estimating the sensitivity to the self-coupling



M. Stamenkovic, 15th of November 2023

15− 10− 5− 0 5 10
3κ

400−

200−

0

200

400

6004κ

HH+HHH
HH - CMS Nature result
HHH based on 100 x SM

Standard Model

Run 2: 95% exclusion contours

Probing self-interaction di-Higgs and triple Higgs

Simulating 𝛋3 and 𝛋4 coupling modifications

HH and HHH parametrisation with trilinear 𝛋3 and 𝛋4 quartic coupling modifiers 
•Current HH analyses: neglect 𝛋4 coupling modifier → additional assumption 

•Relax assumption 𝜆3 = 𝜆4 in combined HH and HHH measurement 

11

Based on  
arXiv:1810.04665v3

https://arxiv.org/pdf/1810.04665.pdf
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Probing self-interaction di-Higgs and triple Higgs

Simulating 𝛋3 and 𝛋4 coupling modifications

HH and HHH parametrisation with trilinear 𝛋3 and 𝛋4 quartic coupling modifiers 
•Current HH analyses: neglect 𝛋4 coupling modifier → additional assumption 

•Relax assumption 𝜆3 = 𝜆4 in combined HH and HHH measurement 
•Assuming HHH sensitivity about 100x SM: competitive limit on 𝛋3 possible w.r.t HH channels 
→ Can we reach 100x SM HHH sensitivity with Run 2?

CMS searches Limit at 95% CL
HH→bbbb (boosted) -9.9 < 𝛋3 < 16.9 
HH→bbbb (resolved) -2.3 < 𝛋3 < 9.4 

HH→bb𝛕𝛕 -3.0 < 𝛋3 < 9.0 
HH→bbɣɣ -3.3 < 𝛋3 < 8.5 

HH combination 
(Nature paper) -1.2 < 𝛋3 < 6.5 

Projection for HHH  
assuming μHHH < 100x SM 

(Normalisation only)
-5 < 𝛋3 < 10 
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Based on  
arXiv:1810.04665v3

https://arxiv.org/pdf/1810.04665.pdf
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HH and HHH: probe for BSM

HH and HHH sensitive to new physics: 
•New resonances with spin0, spin2, two Higgs doublet, new scalars 
•Any enhancement of HH and HHH production = sign of new physics!

BSM HH

BSM HHH

Eur. Phys. J. C 80, 151 (2020)
JHEP 05 (2021) 193
Phys. Rev. D 103, 115005 (2021)

Eur. Phys. J. C 80, 884 (2020)

https://link.springer.com/article/10.1140/epjc/s10052-020-7655-x#citeas
https://arxiv.org/abs/2101.00037
https://arxiv.org/abs/2101.04119
https://arxiv.org/abs/2005.10576
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HHH workshop overview

Successful 3 days workshop with theorists and experimentalists from both ATLAS and CMS 
•A lot of interesting discussions, summarised non-exhaustively in the next few slides  
•All the presentations available on the indico: HHH 2023 workshop in Dubrovnik 

HHH theory 

Lessons from 
ATLAS and CMS  

HH

ML for HHH 
+ 

HHH 
phenomenology

ATLAS vs CMS 

Flavour tagging 
Trigger

BSM HHH 
3HDMs 

  
Experimental 

thoughts

BSM 
enhancements in 

HH and HHH 

FCC projections 

Overview

Excursion

Day 1 Day 2 Day 3

https://indico.cern.ch/event/1232581/timetable/
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Higgs trilinear and quartic coupling

Higgs potential: responsible for self-coupling of the Higgs 
•Measuring multi-Higgs production = critical probe of the SM 
•No explanation for the shape of the Higgs potential 
•Sensitive to new physics 

Unitarity constraints: provide some constraints on 𝜆3 and 𝜆4 
•HH combination: scratching  𝛋3  values not excluded by unitarity  

•With some assumptions on the quartic coupling 
•LHC is the only machine in the world capable of probing 𝜆4 ?

B. Moser

P. Stylianou

𝛋3

𝛋4

https://indico.cern.ch/event/1232581/contributions/5442568/attachments/2684250/4656876/BM_20230714_HHH.pdf
https://indico.cern.ch/event/1232581/contributions/5442578/attachments/2684808/4658015/HHH_Dubrovnik.pdf
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Higgs potential V(H)
B. Moser

Measuring the Higgs potential: 
•Current knowledge → large amount of shapes still allowed, with different minima still allowed 

•Experimentally establishing the Higgs potential is one of the highest priority of the LHC program 
•With as little approximations / hypotheses possible

https://indico.cern.ch/event/1232581/contributions/5442568/attachments/2684250/4656876/BM_20230714_HHH.pdf
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New physics in HHH
T. Robens

HHH: rich phenomenology 
•Capable of probing various BSM scenarios 
•Including extended sectors with scalars, 
3HDMs 

https://indico.cern.ch/event/1232581/contributions/5442688/attachments/2684733/4658243/robens_hhh.pdf


Experimental overview
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Flavour taggingB. Liu

Experimentally: extraordinary progress achieved every year 
•Flavour tagging to identify b-jets in the detector: improved by a factor 4 in the span of 6 years! 
•For the same identification of b-jets: remove 4x more background than before! 
•Similar progress in both ATLAS and CMS: crucial for HH and HHH!

https://indico.cern.ch/event/1232581/contributions/5442570/attachments/2684798/4658023/HHHWorkshop_ATLAS_FlavourTagging_20240715_BingxuanLiu.pdf
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Boosted Higgs tagging
O. Karkout Boosted HH4b HH combination MS

Driven by boosted HH4b

W. Balunas

Extraordinary progress in Hbb tagging: 
•Boosted Higgs identification crucial for HH 

•Lower background 
•Better Higgs identification, resolution 
•Less combinatorial background 

•Will play a crucial role in HHH too!

https://indico.cern.ch/event/1232581/contributions/5442572/attachments/2684826/4658040/Xbb_HHH.pdf
https://indico.cern.ch/event/1232581/contributions/5442567/attachments/2684233/4656849/20230714_HH_overview_HHH_WS.pdf
https://indico.cern.ch/event/1232581/contributions/5442567/attachments/2684233/4656849/20230714_HH_overview_HHH_WS.pdf
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Triggers for Run 3
M. KolosovaM. Chen

Extraordinary work on trigger by both ATLAS and CMS 
•In 2018: only 50% of HH4b events produced recorded 
•With latest improvements in taggers: 

•Up to 80-90% of events will recorded in all channels!

https://indico.cern.ch/event/1232581/contributions/5442573/attachments/2684832/4658046/HHHinDubrovnik_MKolosova_15July2023.pdf
https://indico.cern.ch/event/1232581/contributions/5442571/attachments/2684799/4657999/HHH_ATLAS_bjet_trig.pdf
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Triggers for Run 3: targeting HHH too
M. Kolosova

New trigger strategy benefitting from taggers and additional HLT rate: highly optimal for HHH

https://indico.cern.ch/event/1232581/contributions/5442573/attachments/2684832/4658046/HHHinDubrovnik_MKolosova_15July2023.pdf
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HHH reconstruction
MS

S. Ganguly

HH4b: combinatorially easy 

HHH6b: 
•3 Higgses with same mass! 
•However, can we reconstruct them? 

Attention networks Graph networks

https://indico.cern.ch/event/1232581/contributions/5442562/attachments/2684258/4656889/SPANet_HHH_workshop.pdf
https://indico.cern.ch/event/1232581/contributions/5442563/attachments/2684477/4657328/MultiHiggs_Dubrovnik_2023.pdf
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Strategy discussions
G. Landsberg HHH: 

•41% of the cross-section accessible via 
fully hadronic decays 

•4b + jets

Exploit boosted topologies 
•Focus on 2 Hbb to maximise the 
sensitivity 

•Use large radius jets to simplify the 
pairing 

https://indico.cern.ch/event/1232581/contributions/5442563/attachments/2684477/4657328/MultiHiggs_Dubrovnik_2023.pdf
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Summary of the workshop / HHH at LHC
J. Konigsberg

Hbb observed in 2018!

ATLAS and CMS improving tools  
to accelerate the discovery

https://indico.cern.ch/event/1232581/contributions/5442592/attachments/2685007/4658273/HHH-Dubrovnik-final.pdf
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Summary of the workshop / HHH at LHC
J. Konigsberg

*City of Dubrovnik interested  
in HHHH workshop, please get in touch

https://indico.cern.ch/event/1232581/contributions/5442592/attachments/2685007/4658273/HHH-Dubrovnik-final.pdf
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Mark the date: HHH workshop 2024
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Phenomenology of HH and HHH

Main HH decay modes experimentally accessible: 
•HH→4b ⇒ largest branching ratio, challenging due to high b-jet multiplicity and QCD background 

•HH→2b2𝛕 ⇒ sizeable branching ratio, lower QCD background 

•HH→2b2ɣ ⇒ rare process however clean signature due to photons 

HHH→6b, HHH→4b2𝜏 and HHH→4b2W: approximately 45% of total cross-section!  
• Similar challenges as HH with large b-jets multiplicity, what are the lessons from HH useful for HHH? 
•Will focus on non-resonant HH, however main challenges and lessons similar to resonant HH
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HHH6b: analysis strategy

Non-resonant HHH6b process: σ(HHH) x BR(HHH→6b) ∼ 0.1 fb x 20% 
•Complex mixing between resolved and boosted reconstruction 
•Interesting mixing of resolved versus boosted topologies 

•Exploit kinematics 
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