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↪ because one Higgs boson simply isn’t enough!
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▻ New particles in many BSM theories
▻ Try generic approach without much model dependence

▻ spin-0 (generic scalar in narrow-width approximation)

▻ spin-2 (Kaluza-Klein gravitons from bulk Randall-Sundrum model)

▻ X → HH example: Two-Higgs-Doublet-Model Phys.Rept. 516 (2012)

▻ Introduce second Higgs doublet

▻ Total of 5 “Higgs” bosons: h, H, A, H⁺, H⁻

▻ Coupling H→ hh allowed, with h = discovered Higgs boson

▻ X → SH Example: two real singlet model Eur. Phys. J. C 80, 151 (2020)

▻ Extend SM with two real scalar singlets

▻ Total of 3 “Higgs” bosons: H, S, X

▻ Masses of X and S not predicted: X→SH possible

Higgs pairs – beyond the Standard Model
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https://www.sciencedirect.com/science/article/abs/pii/S0370157312000695?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-020-7655-x
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Higgs pair decays and topologies
▻ Higgs pair branching ratios

▻ high branching ratio vs clean signal

▻ Mass of resonance not predicted
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ggf → X → HH ANALYSES
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↪ The “standard” searches
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X→HH→bb̅bb̅ Phys. Rev. D 105, 092002 (2022) 

resolved

6

boosted

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
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X→HH→bb̅bb̅ Phys. Rev. D 105, 092002 (2022)

▻ Resolved analysis:
▻ 4 b-tagged jets paired into 2 Higgs using 

a boosted decision tree

▻ Extrapolate background from data in

2 b-tagged + 2 untagged jets region

▻ Boosted analysis:
▻ 2 (single or double) b-tagged large-R jets

▻ Extrapolate background from data in 

1 (single or double) b-tagged large-R jet

▻ Signal region defined in m(H₁)-m(H₂) plane

▻ Boosted: (124 GeV, 115 GeV)

▻ Limits on spin-0 as well as spin-2 resonance 

derived from m(HH) distribution 
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
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X→HH→bb̅𝛕⁻𝛕⁺ JHEP 07, 040 (2023), JHEP 11, 163 (2020)
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Resolved 
lep-had

Resolved 
had-had

Boosted 
had-had

https://link.springer.com/article/10.1007/JHEP07(2023)040
https://links.springernature.com/f/a/9sS3MdL8lGQETTLbD3ESXw~~/AABE5gA~/RgRhtoTlP0QwaHR0cDovL3d3dy5zcHJpbmdlci5jb20vLS8yL0FYWlpSZTJMNTh5YXNfWm12cHlyVwNzcGNCCgBHZVHVX6CCmW5SGmF0bGFzLnB1YmxpY2F0aW9uc0BjZXJuLmNoWAQAAAbn
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X→HH→bb̅𝛕⁻𝛕⁺ (resolved)JHEP 07, 040 (2023)

▻ lep-had: 2 b-tagged jets, 1 electron/muon, 1 hadronic tau
▻ Split into single-lepton and lepton + tau triggered events

▻ had-had: 2 b-tagged jets, 2 hadronic tau leptons
▻ Use single tau and di-tau triggered events combined

▻ Backgrounds distinguished into real and fake tau contributions
▻ Fakes are derived in a data driven approach

▻ Z+heavy flavour cross section corrected in control region

▻ Parametrized neural networks trained to extract the signal
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▻ Exclusion limits derived on 

PNN output distributions directly

https://link.springer.com/article/10.1007/JHEP07(2023)040
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X→HH→bb̅𝛄𝛄 Phys. Rev. D 106, 052001 (2022) 
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
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X→HH→bb̅𝛄𝛄 Phys. Rev. D 106, 052001 (2022) 
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▻ 2 photons and 2 b-tagged jets with 105 GeV < m(γγ) < 160 GeV

▻ 2 boosted decision trees 

▻ separate signal against single Higgs or γγ background

▻ signal = all mass points reweighted to match background m(bbγγ) 
▻ total BDT score linear combination of both BDT outputs

▻ Background determined from sideband fit using an exponential

▻ Exclusion limits obtained from fit of 120 GeV < m(γγ) <130 GeV

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
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NON-“STANDARD” ANALYSES
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↪ Going one extra step
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X→SH→VV𝛕⁻𝛕⁺ arXiv:2307.11120 (2023)

▻ Three signal regions ZZ2l2τ, WW2l2τ, WW1l2τ
▻ Distinguished by number of light leptons and m(ll)

▻ Separate signal and background using boosted decision trees 
▻ split in signal regions and mass of S 

▻ mₓ provided as a parameter, background gets assigned mₓ randomly

▻ Exclusion fit performed on BDT output distributions
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https://arxiv.org/abs/2307.11120
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X→HH→bb̅bb̅ + extra JHEP 07, 108 (2020) (Err. 2), Eur. Phys. J. C 83, 519 (2023)

14

VHH

▻ 3 channels: 
▻ 0L, 1L, 2L

Matching leptonic V decays

▻ 4 b-tagged jets paired to 2 Higgs by minimising 

|m(H₁)-120GeV|+|m(H₂)-120GeV)|

▻ Train BDTs for all signal models in all channels

▻ Exclusion fit on BDT output distribution
▻ Interpretation in the 2HDM model phase space

VBF

▻ 2 additional forward jets

▻ Combine b-tagged jets 

to Higgs based on 

kinematics and mass

▻ Follow X→HH→bb̅bb̅ analysis 
▻ region definitions

▻ background estimate 

▻ m(HH) construction 

▻ Limit setting

https://link.springer.com/article/10.1007/JHEP07(2020)108
https://link.springer.com/article/10.1007/JHEP05(2021)207
https://link.springer.com/article/10.1140/epjc/s10052-023-11559-y
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SUMMARY
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↪ a glance in the past, present and future
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Summary – past, present, future
▻ Higgs boson pairs not observed so far

▻ Many channels have been investigated 

including new decay and production channels!

▻ Individual full Run 2 analyses better than 

combination of early Run 2

▻ Small number of events limiting factor for most 

analysis

▻ More channels to be published soon including 

new decay channels and topologies

▻ Full Run-2 combination is ongoing

▻ Effort for Run 3 already started as well 
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Phys. Lett. B 800 135103 (2020)

tHHank you for your attention 
and stay curiouSH!

ATLAS-CONF-2021-052

https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
http://cds.cern.ch/record/2786865


BACKUP

HH
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Higgs pairs – in the Standard Model
▻ Higgs scalar doublet 

▻ Potential: 

with µ² < 0 and 𝜆 > 0 
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▻ Higgs pair production predicted by SM

▻ destructive interference: 
▻ very low cross section (σ = 31 fb @ √s = 13 TeV)

▻ enhance through beyond SM mechanisms
▻ coupling variation

▻ new resonances

+
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The ATLAS detector – and what it detects
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Higgs Pairs – BR(HS→SM) Eur. Phys. J. C 80, 151 (2020)
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https://link.springer.com/article/10.1140/epjc/s10052-020-7655-x
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X→HH→bb̅bb̅ (resolved) Phys. Rev. D 105, 092002 (2022) 
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resolved

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
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X→HH→bb̅bb̅ (resolved) Phys. Rev. D 105, 092002 (2022) 
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▻ To veto top events:

▻ .

▻ .

▻ Background reweighting:
▻ w(x)=p(4b,x)/p(2b,x) with p = PDF

▻ p derived in 4b CR and applied to 2b SR

▻ Optimal w derived by artificial NN trained on 

minimizing

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
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X→HH→bb̅bb̅ (boosted) Phys. Rev. D 105, 092002 (2022) 
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boosted

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
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X→HH→bb̅bb̅ (boosted) Phys. Rev. D 105, 092002 (2022) 
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▻ Same procedure as resolved

▻ Background estimate in m(H₁)
▻ .

▻ μ and 𝛼 estimated in maximum 

likelihood fit

▻ Reweighted using cubic splines

▻ Smoothed for m(HH)≥1200GeV

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
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X→HH→bb̅𝛕⁻𝛕⁺ (resolved) JHEP 07, 040 (2023)
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Resolved lep-had Resolved had-had

https://link.springer.com/article/10.1007/JHEP07(2023)040
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X→HH→bb̅𝛕⁻𝛕⁺ (resolved)JHEP 07, 040 (2023)
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https://link.springer.com/article/10.1007/JHEP07(2023)040


Kira Abeling — Searches for X→HH/SH with ATLAS — EPS-HEP 2023

X→HH→bb̅𝛕⁻𝛕⁺ (resolved)JHEP 07, 040 (2023)
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https://link.springer.com/article/10.1007/JHEP07(2023)040
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X→HH→bb̅𝛕⁻𝛕⁺ (lep-had) JHEP 07, 040 (2023)
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Resolved lep-had

https://link.springer.com/article/10.1007/JHEP07(2023)040
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X→HH→bb̅𝛕⁻𝛕⁺ (lep-had) JHEP 07, 040 (2023)
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https://link.springer.com/article/10.1007/JHEP07(2023)040
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X→HH→bb̅𝛕⁻𝛕⁺ (had-had)JHEP 07, 040 (2023)
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Resolved had-had

https://link.springer.com/article/10.1007/JHEP07(2023)040
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X→HH→bb̅𝛕⁻𝛕⁺ (had-had)JHEP 07, 040 (2023)
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https://link.springer.com/article/10.1007/JHEP07(2023)040
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X→HH→bb̅𝛕⁻𝛕⁺ (boosted) JHEP 11, 163 (2020)
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Boosted had-had

https://links.springernature.com/f/a/9sS3MdL8lGQETTLbD3ESXw~~/AABE5gA~/RgRhtoTlP0QwaHR0cDovL3d3dy5zcHJpbmdlci5jb20vLS8yL0FYWlpSZTJMNTh5YXNfWm12cHlyVwNzcGNCCgBHZVHVX6CCmW5SGmF0bGFzLnB1YmxpY2F0aW9uc0BjZXJuLmNoWAQAAAbn
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X→HH→bb̅𝛕⁻𝛕⁺ (boosted) JHEP 11, 163 (2020)
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▻ Focus on construction of new di-τ 

objects

▻ Reconstruction:
▻ Seeded by untrimmed large-R jet

▻ Recluster at least 2 subjets and 

match tracks

▻ di-τ properties calculated from 

leading two subjects
▻ Employ BDT to distinguish true di-τ 

objects from large-R jets

▻ Derive scalefactors for tagger from 

boosted Z→ττ events

▻ Signal region selection: 
▻ 1 b-tagged large-R jet, 1 di-τ jet

▻ m(HH, vis) > 900 (1200) GeV 

if mₓ ≥ 1.6 (2.5) TeV 

https://links.springernature.com/f/a/9sS3MdL8lGQETTLbD3ESXw~~/AABE5gA~/RgRhtoTlP0QwaHR0cDovL3d3dy5zcHJpbmdlci5jb20vLS8yL0FYWlpSZTJMNTh5YXNfWm12cHlyVwNzcGNCCgBHZVHVX6CCmW5SGmF0bGFzLnB1YmxpY2F0aW9uc0BjZXJuLmNoWAQAAAbn
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X→HH→bb̅𝛄𝛄 Phys. Rev. D 106, 052001 (2022) 
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
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X→HH→bb̅𝛄𝛄 Phys. Rev. D 106, 052001 (2022) 

▻ Invariant mass definition m(bbࠡγγ)*=m(bbࠡγγ)-m(bbࠡ)-m(γγ)+250GeV

▻  with C₁=1-C₂ =0.65

▻ Cut value on BDT based on mₓ
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
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X→SH→VV𝛕⁻𝛕⁺ arXiv:2307.11120 (2023)
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https://arxiv.org/abs/2307.11120
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VBF jjX→jjHH→jjbb̅bb̅ JHEP 07, 108 (2020) (Err. 2)

▻
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https://link.springer.com/article/10.1007/JHEP07(2020)108
https://link.springer.com/article/10.1007/JHEP05(2021)207
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VX→VHH→Vbb̅bb̅ Eur. Phys. J. C 83, 519 (2023)

▻
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https://link.springer.com/article/10.1140/epjc/s10052-023-11559-y
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VX→VHH→Vbb̅bb̅ Eur. Phys. J. C 83, 519 (2023)

▻
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https://link.springer.com/article/10.1140/epjc/s10052-023-11559-y

