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Outline: Higgs BSM Probe with selective topics

• Probing the Dark Sector with Higgs(-like) boson(s) at ATLAS
• Dark Higgs searches with Mono-H/Mono-S
• Invisible decay searches and Dark Photon searches with Higgs

• Exotic Higgs Decays at LHC and Future Colliders
• Hàaa at ATLAS
• Hàaa at CEPC

• Composite Higgs search with VBF Di-Higgs and VBS Di-VectorBoson at ATLAS
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Higgs and DM
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Dark Matter Evidence and Theory Context in a nutshell

• DM evidence from astronomical observations and gravitational effects:
• Galactic rotation curves, Gravitational lensing, Cosmic Microwave Background anisotropies, …

• Characteristics: Non-baryonic, massive, electrically neutral, gravitational, stable à WIMP context

• BSM models predict weakly interacting massive particle (WIMP) -> Dark Matter Candidate. In SUSY 
models, the lightest SUSY particle LSP is a candidate for dark matter. Being LSP stable in most Models. 

• Any WIMP DM produced at collider experiments will interact weakly and pass invisibly through 
detectors. Inferred through ‘Missing ET ’when event does not balance in plane transverse to beam.
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Dark Matter Direct Detections

• Direct Detection (DD): nuclear recoils from DM-nuclei scattering (CDEX, PandaX, LZ, XENONnT, …)
• Indirect Detection (ID): products from DM annihilation (DAMPE, HESS, IceCube, ..)
• Colliders: DM production in high-energy collisions, focusing on the productions of a SM particle(s) (X) 

with large missing ET
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Dark Matter Collider productions

• Direct Detection (DD): nuclear recoils from DM-nuclei scattering (CDEX, PandaX, LZ, XENONnT, …)
• Indirect Detection (ID): products from DM annihilation (DAMPE, HESS, IceCube, ..)
• Colliders: DM production in high-energy collisions, focusing on the productions of a SM particle(s) (X) 

with large missing ET

ATLAS
ALICE

LHCb

CMS
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Dark Matter Search programs at LHC
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Frontiers that DM can reach out

Where Higgs chimes in…
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Probing the Dark Sector with
Higgs(-like) boson(s) at ATLAS
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DM search at ATLAS: ”Mono” signatures

• DM candidates give a missing momentum signature in detector
• We cannot directly observe it (i.e. trigger with nothing) → Need extra visible particles



< 12 >

Higgs portal to DM: Mono-H(𝛾𝛾) JHEP 10 (2021) 13

2HDM+Z’ 2HDM+a
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Higgs portal to DM: Mono-H(bb) JHEP 11 (2021) 209

• Interpreted with 2HDM+Z’,
2HDM+a in both ggF and bbH.

• Also Model-independent upper 
limits on the visible cross-section
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Dark Higgs search: Mono-S(VV) hadronic
Dark Higgs model
• Specify a mechanism for 

generating mass of the 
dark particle and 
Z’boson by spontaneous 
symmetry breaking, 
associated with a dark 
Higgs boson

• Predict a novel signature 
of dark matter production 
at the LHC: dark Higgs

Mono-S(VV) search in hadron final states
• Fitted on the reconstructed mass of the dark Higgs candidate
• Exclusion contour obtained on ms-mZ’plane

Phys. Rev. Lett. 126 (2021) 121802
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Dark Higgs Search: Mono-S(WW) semileptonic

• Two mediator model: Z’+Dark Higgs
• Utilize both resolved calorimeter-measured jet pair

or merged from track-assisted reclustered jets

• Scenarios with dark Higgs boson masses ranging 
between 140 and 390 GeV are excluded.

arXiv:2211.07175
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Dark Higgs Search: Mono-S(bb) with novel
ATL-PHYS-PUB-2019-032

• The previous analysis is the reinterpretation of 
ATLAS mono-H(bb) result

• not optimal for dark Higgs signal → require 
further optimization

• Floated mS rather than fixed mH = 125 GeV 
→ require high s(→bb) tagging efficiency for 
all mass range → Dxbb tagger introduced
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Higgs à ”undetected”
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Higgs portal to undetected particles
95% CL limits on Higgs to 
“undetected”:
ATLAS: < 12% [Nature 607, 52–59 (2022)]
CMS: < 16% [Nature 607, 60–68 (2022)]

One way to do that would be to consider the Higgs
coupling measurements and then see how much
space is left for “left-out” decays (“undetected”)

N. Rompotis
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Higgs portal to DM: invisible decays

• Z to W ratio predictions @NLO QCD, NLO EW -
arXiv:2204.07652 - used to constrain Zjets with Wjets

• Probing BR(H→ Inv) at 10% level

ATLAS:arXiv:2301.10731
CMS: arXiv:2303.01214
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Dark Higgsà more Dark Portals connecting hidden sectors

• Vector portal – dark photons
• Scalar portals - dark Higgs
• Neutrino portal
• Axion portal

• Dark Photon BSM extensions:
• U(1) extension of the SM
• Hidden gauge boson A′ → kinetic mixing (ε) 

with the SM photon
• the magnitude of ε affects production rate and 

lifetime
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Dark Photon searches: ZH and VBF
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More on Higgs Exotic Decays
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Higgs exotic decays in a nutshell
• Higgs has very small total width.
• Very weakly-coupled new particles can generate 

sizable 𝐻 → 𝑠𝑠 BR to new low-mass particles
• CP-odd scalars decays (𝐻 → 𝑎𝑎) common in ALP

Landscape of
ATLAS/CMS
Exotic Higgs

Decays
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Overview of Exotic Higgs decays at ATLAS and CMS

Interpreting result in SM+s modelRecent 𝑯 → 𝒔𝒔 → 𝑿𝑿𝑿𝑿 results at LHC
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Hà2aà2b2𝞵 (ALP)
• Search for a narrow resonance in the mμμ spectrum 

(16GeV<mμμ<62GeV) and train BDTs to separate the 
signal from the DY and ttbar backgrounds

• Kinematic likelihood fit (KLM) used to constrain the 
mbbto the mμμ mass

• Improve b-jet resolution maximising the likelihood Cut on 
the KLM score (Lmax) to select best mμμ ~ mbb events

• Bump hunt over the m_mm invariant mass distribution

Phys. Rev. D 105 (2022) 012006



< 26 >

Exotic Higgs motivated by SFOEWPT
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Hàssà4b phenomenology at LHC and beyond
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Simulation and Analysis Setup

Signal Efficiency

Signal Shape

• Signal: [5, 60]GeV mass points,
C.M.E.@240GeV

• Generator: Madgraph5 and Pythia8
• Framework: cepcsoft 0.1.1 , CEPC_v4
• Background : 2-Fermion, 4-Fermion, eeH, 

mumuH as our background

GBDT-based b-jet tagging algorithm in use [Chinese Phys. C 44, 013001 (2020)]
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Hàssà4b search sensitivity at CEPC
arXiv:2203.10184 (SnowMass White Paper)
In submission to LHEP Higgs-10 special issue

Cut-based limits
BDT limits

BDT limits

Lepton colliders have better
sensitivity compared to hadron 
colliders: promising for e+e-
machine BSM merits besides
Higgs precision factory
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Off-topic and new topic

(to) probe the composite Higgs
hypothesis with VBS VV and VBF HH
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More on HiggsàBSM Portal: the Higgs Puzzle

• First fundamental (?) scalar field to be discovered

• Spontaneous symmetry breaking by development of a VeV
• But VeV is induced parametrically by ad-hoc Higgs 

potential, no dynamics

• Parameters of Higgs potential are not stable under radiative 
corrections

• First time that the radiative correction to a particle mass 
is additive and quadratically divergent

• Gauge boson masses are protected by gauge invariance
• Fermion masses are protected by chiral symmetry of 

massless fermions

• Single scalar Higgs field is a strange beast, compared to 
fermions and gauge bosons

• Additional symmetries and/or dynamics strongly motivated 
by Higgs discovery

• Ad-hoc potential, similar to and 
motivated by Landau-Ginzburg 
theory of superconductivity

• Higgs potential in SM can be 
extrapolated to Planck scale 
without additional parameters

• but no a-priori reason for a 
parameterization to respect 
this condition 
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Composite Higgs, VBS-VV and VBF Di-Higgs
• Old idea: Higgs doublet (4 fields) is a Goldstone mode generated from the spontaneous breaking of 

a larger global symmetry
• But assuming there is a strong dynamics at the energy scale “f” which causes a condensate to form 

and break the SO(5) symmetry
• Resonances will be associated with this strong dynamics
• Lightest resonance will decay to the “pseudo-Goldstones” which are much lighter, i.e. longitudinal 

gauge bosons and Higgs bosons
• Similar to QCD ρ à ππ

• Simplified model: arXiv:1109.1570 (Contino et al.) “On the effect of resonances in composite Higgs 
phenomenology”

• Scalar resonance: η à hh, VLVL
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VBS-VV vs VBF HH

• Branching ratio to hh, WLWL and ZLZL in the 1:2:1 ratio is a definitive prediction
• Resonance decaying to two ZL bosons is a distinctive signature of the Goldstone nature of the Higgs boson

• Vector boson scattering topology
• Quarks emit longitudinal vector bosons which interact with new (presumably strong) dynamics
• Quarks scatter by small angle in the forward direction 

Joint interpretation of latest resonant VBF
HH and VBS VV: upcoming and stay tuned
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Summary

• LHC continues to deliver highly valuable physical results while Run-3 is started with
new results in the pipeline

• Dark Matter mystery remains puzzling while collider searches provide sensitivity
complementarity with non-collider DM searches

• Higgs as a probe to DM plays one of the leading roles
• Higgs BSM probe unify and diversify the searches at LHC because its success and its

puzzles
• Need to further diversify the data mining aspects in the collisions covering more

unconventional signatures and untouched stones with and without Higgs
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“Before the Higgs boson discovery, we used the W boson mass to restrict the range 
where the Higgs boson could be. When we discovered the Higgs in 2012, it changed 

the game. The Standard Model can predict the W boson mass with amazing precision. 
You measure several quantities—one of which is the Higgs boson—put them into a 

big formula, and you get back the predicted W boson mass.”
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“If you discuss too much with each other right 
from the beginning, you might end up reproducing 
someone else’s thoughts. Take your best shot and 
see how far you can go. Once you get to the end, 

then—and only then—get together with your 
colleagues and compare.”
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谢 谢 ！
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