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Di-Higgs physics at ATLAS

31st Mini -workshop on the frontier of LHC, ṡ, 10-12 Oct 2025
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Å We have no idea on the thermal history of the EW symmetry breaking

Å SM assumed simplest form

Å Nature can be more complicated

ȭ

Nature of EWSB

ÅSakharovôs Conditions for

Baryon-gensis

Å B Violation

Å C/CP Violation

Å Departure from Thermal Equilibrium

1st order or 2nd order 

Phase Transition?

arXiv:2207.00478 



Probe Higgs potential
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Å Expand Higgs potential about the minimum
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Å Multi-Higgs production is a direct probe of Higgs potential!

Defined as 
‗Ⱦ‗

Di-Higgs production

Tri-Higgs production

ÅHHH isfar beyond
the reachof LHC

„ὬὬḗσρὪὦ at 13TeV



HH Decays
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The other Higgs Boson decay
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Å5 major analyses channels

Åbbbb (resolved(PRD 108 (2023) 052003), 
boosted VBF (PLB 858 (2024) 139007) )

Åbb†† (PRD 110 (2024) 032012)

Åbb‎‎(JHEP 01 (2024) 066)

Åbbll+MET (JHEP 02 (2024) 037)

ÅMulti-lepton (JHEP 08 (2024) 164)

ÅCombination: PRL 133 (2024) 10, 101801,

PRL 132 (2024) 231801

ÅCoversalmostall decaymodes!



HHŸbbbb
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ÅLargest branching ratio: 34%, suffers from huge backgrounds

ÅMain backgrounds: QCD multi-jets, top quark pair

ÅAnalysis strategy

ÅÓ4 b quark jets, two categories: ggF and VBF (mjj > 1 TeV and ȹɖjj > 3)

ÅUtilize two Higgs bosons invariant mass

ÅData-drivenbackgroundmodelingwith machinelearningtechinique

Learn

Predict



HHŸbbbb
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ÅLargest branching ratio: 34%, suffers from huge backgrounds

ÅMain backgrounds: QCD multi-jets, top quark pair

ÅAnalysis strategy

ÅÓ4 b quark jets, two categories: ggF and VBF (mjj > 1 TeV and ȹɖjj > 3)

ÅUtilize two Higgs bosons invariant mass

ÅData-drivenbackgroundmodelingwith machinelearningtechinique

Before
Correction

After
Correction



HHŸbbbb

7

ggF
SignalRegion

VBF
SignalRegion

ÅLargest branching ratio: 34%, suffers from huge backgrounds

ÅMain backgrounds: QCD multi-jets, top quark pair

ÅAnalysis strategy

ÅÓ4 b quark jets, two categories: ggF and VBF (mjj > 1 TeV and ȹɖjj > 3)

ÅUtilize two Higgs bosons invariant mass

ÅData-drivenbackgroundmodelingwith machinelearningtechinique



HHŸbb†† 
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ÅMain backgrounds

ÅRealtau, e.g.ttbar and Z+HF, modeled by MC, with normalization 
correctionfrom the control regions

ÅFake †  background estimated data-drivenly

ÅModerate branching ratio(7.3%),lessbackgrounds.Best sensitivity to SM HH

ÅTwo sub-channelsfor different††decay modes:† † ȟ† †

V.S.



9

ά¢ǊƛŀƴƎƭŜ ŘƛŀƎǊŀƳέ

ά.ƻȄ ŘƛŀƎǊŀƳέ

ά  shape changewith ‖

ÅTwoHH Feynmandiagrams contribute to different kinematic region

Need attention to softer kinematic 
events for better constraints on ‖

HHŸ bb‎‎

ÅVery small branching ratio (0.26%), clean final state

Å Excellent ά  andά  resolution, strongest constraint at high ‖
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ÅTwoHH Feynmandiagrams contribute to different kinematic region

HHŸ bb‎‎

ÅVery small branching ratio (0.26%), clean final state

Å Excellent ά  andά  resolution, strongest constraint at high ‖

ÅCategorized by □╫╫♬♬
ᶻ  and BDT



HHŸ bb‎‎
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sideband sidebandSR

ÅFinaldiscriminant Í‎‎,
backgroundmodelled using 
exponential function in data 
sideband

ÅTwoHH Feynmandiagrams contribute to different kinematic region

ÅVery small branching ratio (0.26%), clean final state

Å Excellent ά  andά  resolution, strongest constraint at high ‖

ÅCategorized by □╫╫♬♬
ᶻ  and BDT



HH Ÿ bbll+MET
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ÅLeptonic decay of ὡὡȟ††ȟὤὤ(Branching ratio ~ 2.9%)

ÅDiscriminant:ggF: DNN score,VBF: BDT score

ÅDefine SR by ά , similar background as ὦὦ††

Å Data-driven fake lepton background



HH Ÿ multilepton
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ÅTargeton non-res. HH, decaying to: bbZZ, 4V (V= W or Z), VVʐʐȟ τʐȟ ɾɾVV and ɾɾʐʐ

ÅBranching ratio ~ 6.5%

ÅEvents categorizedbased on the multiplicity of e or ‘, hadronicʐ, and ɾ

Å9 categories based on N. of † , ὩȾ‘, ‎‎
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HH Ÿ multilepton



HH Ÿ multilepton
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ÅFirsttime at ATLAS,oneof the leadingchannels

ÅUpper limit: 10 (14 exp)



HH Ÿ multilepton

16

ÅFirsttime at ATLAS,oneof the leadingchannels

ÅUpper limit: 10 (14 exp)

֘ Ї1974-2025



HH Combination

ÅCombine all available channels to make the most of our data

Å Built combined likelihood from products of likelihoods in each channel

Å Overlaps/correlations/compatibility carefully studied
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fl ȟ꜠꞉ȿ‘ȟ‌ ὖὶέὦὼȿ Ὓ ‘ȟ‌ ὄ ‌ Ὢ ὥȿ‌

Å Signal strength measured at πȢυ Ȣ Ȣ Ȣ
Ȣ Ȣ Ȣ

Statistical (dominant)

Systematical

ÅFull Run-2 data

Å 95% CL upper limit: ‘ ςȢωςȢτ ὩὼὴȢ

bbtautau provides 
the best sensitivity 



Combined Results: Coupling
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Best-fit 68% CI 95% CI

Expected 1.0 [-0.5, 5.7] [-1.6, 7.2]

Observed 3.8 [0.2, 5.9] [-1.2, 7.2]

bbyy most sensitive 
to the upper bound

Dominated by 
boosted VBF bbbb

Best-fit 68% CI 95% CI

Expected 1.00 [0.64, 1.40] [0.41, 1.65]

Observed 1.02 [0.79, 1.24] [0.57, 1.48]

ÅFurther constraint from single Higgs measurement, using higher order correction



New results bb‎‎
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ÅRun-2 + partial Run-3 (2022-2024): significant improvement(arXiv:2507.03495)

With simplecalculationon top of our head,
the new combinedexpected upper limit at 1.9x SM

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/


EFT Interpretation

ÅModel-independent interpretation using HEFT

Å Define single- anddi- Higgs anomalous couplings separately

Å HH production is especially sensitive to Wilson Coefficients: ὧ ‖ ȟὧ ȟὧ

Å Take the 3 leading channels, ggF-only: bbbb, bbʐʐ, bbɾɾ
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BSM diagrams

Åbbbb and bḇ s̱howmild deviations from SM

ÅFurther studies required



Combined Results: Resonance
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ÅSearch for a narrow-width spin-0 heavy scalar

Å Combinechannels:bbbb + bbʐʐ + bbɾɾ

Å Largest deviation at 1.1TeV(ὤ σȢσ„, ὤ ςȢρ„)

HDBS-2023-17

2HDM/hMSSMModel independent

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/


Towards HL-LHC
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ÅCurrent constraint on‖ not sufficient to answer the question of stability of universe

Assuming ‗ is SM, 
‖ ᶰπȢςȟυȢω

ὠ‰

‰

ÅHow precision we can achieve with more date in HL-LHC

Å Use some baseline expectations to account in ATL-PHYS-PUB-2025-006

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/


HL-LHC Projection: ATLAS
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Discovery significance can achieve τȢσ„ 
with 3000/fb

‖ expected to be measured at ρȢππ Ȣ
Ȣ



HL-LHC Projection: ATLAS+CMS
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Can exclude physical hypotheses for the 
shape of the Higgs potential, rather than 
just eliminating parts of parameter space.

Ȣ Ɑ significance Expected
  φȢπ„ with conservative 2 ÁÂ

  Expected to Discovery the HH!

<30% ⱥⱦ precision expected

arXiv:2504.00672
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ÅKeep improving our analyses

Å Otherwise,early Run 2 analysis would need 
~ 4200/ fb to reach current sensitivity

HL-LHC Projection: More optimistic



Tools for future HEP
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ÁHigh Luminosity LHC: 2030 -- ~2041

Á 7.5x nominal lumi., integrated lumi. up to 4000 fb-1

ÁUp to 200 p-Ǉ ƛƴǘŜǊŀŎǘƛƻƴǎ όάǇƛƭŜ-ǳǇέύ ǇŜǊ ōǳƴŎƘ ŎǊƻǎǎƛƴƎ

ÁRequiringhigherradiationhardnessof the detector

High-Luminosity (HL-) LHC

HGTDTDR:CERN-LHCC-2020-007
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ATLAS detector upgrade: HGTD

Å Installed at ATLAS forward region

Å Per track timing resolution of 30-50 ps to improvesvertex reconstruction andpile-up rejection

Å Coverage: 2.4 < | |́ < 4.0, measure bunch-by-bunch luminosity

28
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CEPC: LumiCal

ÅDedicated detector needed

Å TwoLYSO+SiPMbaseddetectorson eachsideof InteractionPoint

ÅTDR published: arXiv:2510.05260. Next step: prototyping

ÅSmall Angle Bhabha Scattering: e+eï Ÿ  e+eï

„
ρπτπ ÎÂ'Å6ς ÅPeaked in forward region, 

at <100 mRad
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BESIII forward region: ideal place for prototyping

ÅBEPCII-BESIII: e+e- collider, COM energy: ~2-5 GeV, Luminosity: ~1033cm-2/s

Å Zero-Degree-Calorimeter(ZDC):fast luminositymonitor andISRphoton tagging

ZDC at forward region, 

ɗ=0 in CMS frame

ÅISR physics: R-value, Muong-2: HVP, NucleonFormFactor, Hadronspectroscopy,etc.
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ÅZDC: LYSO+SiPM array

ÅSameasCEPCLumiCal 

ÅData-flow chart of ZDC

BESIII forward region: ideal place for prototyping


