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Why look for Higgs boson pairs?

• Great progress in our understanding of the Higgs boson since its discovery in 2012


• But still little knowledge about the Higgs potential





• A measurement of Higgs boson pair ( ) production could provide evidence of the Higgs 
self-coupling, which is a direct probe of the shape of the Higgs potential


• Any deviation of the self-interaction from its SM expectation is a sign of new physics!

V(H) =
1
2

mHH2 + λυH3 + . . .

HH

2

self-interaction term Vacuum expectation value in SM:
υ = ( 2GF)−1/2 = 246 GeVλHHH = λυ
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Higgs boson pair production

• Gluon fusion:   at  


➡  variations modify the  cross-section and kinematics w.r.t SM predictions

σggF(pp → HH) = 31 fb 13 TeV

κλ HH
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Phys. Lett. B 800 (2020) 135103

https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
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Higgs boson pair production

• Gluon fusion:   at  


• Vector-boson fusion:   at 

σggF(pp → HH) = 31 fb 13 TeV

σVBF(pp → HH) = 1.7 fb 13 TeV
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HH decay channels 

Multiple decay channels, here focus on the 3 most sensitive searches and 
their combination:


• : plenty of signal 👍, but challenging multi-jet background 👎


• : moderate signal rate, relatively clean final state  ⚖


• : very clean signature 👍, but tiny branching ratio 👎

HH → bbbb

HH → bbττ

HH → bbγγ

5

bbbb bbττ bbγγ
arXiv:2301.03212 [hep-ex] arXiv:2209.10910 [hep-ex]

Phys. Rev. D 106 (2022) 052001

https://arxiv.org/abs/2301.03212
https://arxiv.org/abs/2209.10910
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
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HH→bbbb search

• Event selection


•  Trigger on events with at least 2 -tagged jets


• Two Higgs boson candidates reconstructed from 4 -tagged 
jets with the smallest  pairing


•  6 ggF and 2 VBF categories based on forward jets and  
kinematic properties 


• Main backgrounds: 90% multi-jet, 10%  events


• Data-driven background estimates


•  event reweighting in SR (NN-based weights from CR)


• Fit  in all categories 

b

b
ΔRjj

HH

tt̄

2b → 4b

mHH
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arXiv:2301.03212 [hep-ex]

https://arxiv.org/abs/2301.03212
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HH→bbττ search
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• Event selection


•  2 sub-channels split by tau decay mode, in total 3 SRs driven by trigger


•  → BDT 


•  SLT (single-lepton triggers) → NN


•  LTT (lepton+tau triggers) → NN


• Dominant backgrounds:


• True taus from  and  (simulation)


• Fake taus from multi-jet and  processes (data-driven)


• Fit MVA outputs in all categories together with  in a  CR

bb̄τhadτhad

bb̄τlepτhad

bb̄τlepτhad

tt̄ Z → ττ + HF

tt̄
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https://arxiv.org/abs/2209.10910
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/


C. Dimitriadi Pheno2023 8-10 May 2023

HH→bbγγ search
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• Event selection


•  At least 2 photons and exactly 2 -tagged jets


• Split events into low- and high-mass regions to target 
different signal hypotheses 


• Separate BDTs in those two regions


• Categorise into loose- and tight-BDT SRs for each mass 
region → 4 SRs in total


• Main backgrounds:  continuum and single Higgs boson


• Fit  in all categories 

b

γγ

mγγ

Phys. Rev. D 106 (2022) 052001

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
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Combination: HH→bbbb + bbττ + bbγγ

• Statistical combination of the three most sensitive  decay 
channels (full Run-2 data)


• Yielded the best observed limits yet on  production


Observed (Expected) 95% CL limit: 2.4 (2.9) x SM prediction


Factor ~3.4 improvement compared to 36 fb-1 results 


(Phys. Lett. B 800 (2020) 135103)


→ improved analysis design, object reconstruction & 
identification

HH

HH
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arXiv:2211.01216 [hep-ex]

https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
https://arxiv.org/abs/2211.01216
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HH+H constraints

• Single Higgs boson processes also sensitive to  through NLO electroweak loop corrections


• Better constraints achieved from the combination of  searches

• Combination with single-Higgs allows for a less model-dependent interpretation

κλ

HH + H
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HH in Effective Field Theories 
• New physics effects can be parametrised without strong model-dependence by EFTs


• Two common frameworks in : SMEFT and Higgs EFT (HEFT)


• Underlying different assumptions (e.g. SMEFT uses SM symmetries)


• Effective operators can modify the  production in various ways 

HH

gg → HH
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C. Dimitriadi Pheno2023 8-10 May 2023

EFT re-interpretations of HH searches
• Upper limits on seven HEFT benchmarks with characteristic  shape features mHH
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EFT re-interpretations of HH searches
• Upper limits on seven HEFT benchmarks with characteristic  shape features mHH
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• First constraints on SMEFT Wilson coefficients in the  channelbbbb

bbbb

arXiv:2301.03212 [hep-ex]

ATL-PHYS-PUB-2022-019

https://arxiv.org/abs/2301.03212
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-019/
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Summary

• Searching for Higgs boson pairs is the ultimate probe of the shape of the Higgs potential and thereby of 
the nature of electroweak symmetry breaking


• No single golden channel - combinations are the key


• 95% CL upper limit on  at 2.4 x SM prediction


•  combination allows for more robust interpretations


• EFT interpretations becoming increasingly popular (HEFT and SMEFT results in ATLAS)


• Further studies performed in parallel (e.g. VBF  constraints, VHH search)


• All public results can be found in https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults

μHH

HH + H

κ2V
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults
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Outlook - HL-LHC prospects

• HL-LHC critical for observing and measuring low cross-section processes like 


• Prospect studies through extrapolation of the Run-2 results to 3000 fb-1 and 14 TeV


• Consider different systematic uncertainty scenarios. “Baseline” → best guess of the future uncertainties 

HH
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Combined significance at 3.4   (Baseline)σ 68% confidence interval for  at [0.5, 1.6] (Combined - Baseline)κλ

ATL-PHYS-PUB-2022-053

Evidence is reachable!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
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Outlook - HL-LHC prospects

• HL-LHC critical for observing and measuring low cross-section processes like 


• Prospect studies through extrapolation of the Run-2 results to 3000 fb-1 and 14 TeV


• Consider different systematic uncertainty scenarios. “Baseline” → best guess of the future uncertainties 

HH
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Combined significance at 3.4   (Baseline)σ 68% confidence interval for  at [0.5, 1.6] (Combined - Baseline)κλ

ATL-PHYS-PUB-2022-053

Observation is likely possible with an ATLAS + CMS combination  🎉
Evidence is reachable!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
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H and HH cross-sections vs. κλ
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LHCHWG-2022-002

https://cds.cern.ch/record/2803606
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HH→bbbb [event selection]
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arXiv:2301.03212 [hep-ex]

https://arxiv.org/abs/2301.03212
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Combined results
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arXiv:2211.01216 [hep-ex]

https://arxiv.org/abs/2211.01216
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SMEFT vs. HEFT
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SMEFT vs. HEFT
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HEFT interpretations
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