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Introduction
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Some of the basic limitations of the SM

Extending space dimensions
WED (RS model):

- One Extra Compactified Dimension
- Planck brane (MPl )
- TeV brane (SM)
Enhancing the HH rate via new bosons decaying to HH:- 
Spin-2 Graviton / Spin-0 Radion 
X—>HH
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• The hierarchy problem  Mpl / MH ∼ 1017

• Absence of Gravity

• Naturalness of the Higgs mass & EW scale

• Absence of dark matter

• CP violation (matter – antimatter 

asymmetry)

Extending the Higgs sector
2HDM+S (NMSSM)

Extending the Higgs sector with 2 doublets + 1 singlet scalar

TRSM
Extending the Higgs sector with two real singlet scalars 
Enhancing the HH rate via:- 
X —>HY A
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The new BSM models predict new scalars (X)

that decay to HH/HY



Introduction

SM H  XS @ 13 TeV56 pb (NLO)
SM HH XS @13 TeV33 fb (NNLO)
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Challenges:
• 1000x smaller than a single Higgs detection
• Low BRs to the final states
• No golden channel:

H to ZZ to 4l (clean)

HH to 4l + 4l (very low BR)

HH to bbbb (33%BR but QCD enormousbackground)



X —> HH/HY analysis
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Final state Topology BSM Link

bbbb merged bb Heavy scalar—> HY PLB842(2023)

bbWW merged bb/qq
Spin-2 —> HH

Spin-0 —> HH
HEP05(2022)005

bbWW resolved+merged bb/qq
Spin-2 —> HH

Spin-0 —> HH
JHEP07(2024)293

4W/4τ/2W2τ resolved+merged qq
Spin-2 —> HH

Spin-0 —> HH
HEP07(2023)095

bbɔɔ resolved bb

Spin-2 —> HH

Spin-0 —> HH

Heavy scalar—> HY

JHEP05(2024)316

ɔɔττ resolved

Spin-2 —> HH

Spin-0 —> HH

Heavy scalar —> HY

CMS-PAS-HIG-22-012 

bbττ boosted
Spin-2 —> HH

Spin-0 —> HH
CMS PAS B2G-24-014

Run-II combination

Spin-2 —> HH

Spin-0 —> HH

Heavy scalar—> HY

PhysicsReports1115(2025)

https://doi.org/10.1016/j.physletb.2022.137392
https://doi.org/10.1007/JHEP05%282022%29005
https://doi.org/10.1007/JHEP07(2024)293
https://doi.org/10.1007/JHEP07(2023)095
https://doi.org/10.1007/JHEP05%282024%29316
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-012/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-012/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-012/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-012/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-012/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-012/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-012/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-012/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-012/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-24-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-24-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-24-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-24-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-24-014/index.html
http://dx.doi.org/10.1016/j.physrep.2024.09.004


X —> HY —> bbbb (boosted)
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Topology
bbbb (merged)

mX 0.9 – 4 TeV 

mY 60 – 600

Main selection
Triggers: single/double-AK8 & HT-based
Two AK8 jets to tag H/Y—> bb
bb tagging (ParticleNet)



X —> HH —> bbWW (boosted bb)
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BR≈25%
Bkg challenge
MET limit H mass reco.

Topology
bbWW (at least a W decay leptonically)

SL channel: bb qq lν   (merged bb/qq)
DL channel: bb lν lν   (merged bb)

Main selection
Triggers: single e/μ & HT & multiobject(l,j)
Leptons:  PT, η, IP, ID
W—>qq:subjetiness variables (closest AK8 to ls)
H —>bb:  DeepAK8 tagger

Signal vs. Background discrimination
Cut based on kinematics including the bb tagger score



Heavy Mass Estimator (HME) to estimate the H→WW

mass, recovers mass by sampling allowed neutrino configs.

X —> HH —> bbWW (resolved+boosted bb)
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Topology
bbWW (at least a W decay leptonically)

SL channel: bb qq lν   (merged/resolved bb/qq)
DL channel: bb lν lν   (merged/resolved bb)

BR≈25%
Bkg challenge
MET limit H mass reco.

Main selection
Triggers: single-lepton / MuonEgamma
Leptons:  Pt, η, IP, ID
Jets: SL: ≥ 1 AK8 & ≥ 1 AK4   OR ≥ 3 AK4
    DL: ≥ 1 AK8 & ≥ 2 AK4

b-tagging
 AK4: DeepJet (MWP)
 AK8: with subjet DeepCSV (MWP)

Signal vs. Background discrimination
Classification using DNN



X —> HH —> 4W/4τ/2W2τ
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Topology
X → H(WW) H(WW) / X → H(WW) H(ττ) /
X → H(ττ) H(ττ)
τ and W decay leptonically or hadronically
W to qq reconstructed as 2 jets or 1 large jet
7 Channels

Main selection
Triggers: multi-lepton, Lepton+τh, double τh

H→ττ : leptons/ τh(DeepTau)
H→WW: leptons/ Ak4 & AK8 jets

Signal vs. Background discrimination
classification using BDT



X —> HH/HY —> bbγγ (resolved bb)
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Clean signature
BR≈0.26%

Topology
X → H(bb) H(γγ )  /  X → Y(bb) H(γγ )
mX 0.26–1 TeV (HH)
mX 0.3–1 & mY 0.09-0.8 TeV (HY)

Main selection
Triggers: Di-photon 
H → γγ: Nγ =2 ; mγγ: 100-180 GeV
H/Y → bb: Nj >=2 ; b-tagging: DeepJet

Signal vs. Background discrimination
DNN-based event-level classification



X —> HH/HY —> γγττ
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Clean signature
BR≈0.03%

Topology
X → H(ττ) H(γγ )
X → Y(ττ) H(γγ ) or Y(γγ) H(ττ)
τ decays leptonically/hadronically
mX 0.26 – 1 TeV   &  mY 0.05 – 0.8 TeV

Main selection
Triggers: Di-photon
H→γγ:  mγγ: 100–180 GeV
Y→γγ:   mγγ:  65–150   (low-mass X)
            100-1000 (high-mass X)
ττ : e, µ, and τh (DeepTau)

Signal vs. Background discrimination
Classification using pNN

Observed upper limit

Observed upper limit



X —> HH —> bbττ (boosted)
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Topology
X → H(bb) H(ττ)
fully hadronic (τhτh ) and semi-leptonic (lτh) 

Main selection
Triggers: MET-based
H→ττ:
Leptons / hadronic-tau (DeepTau tagger)
H→bb:
AK8 jet: ParticleNet tagger

Signal vs. Background discrimination
- Likelihood estimation based on the 

reconstructed bbττ invariant mass



HH run-II combination
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Observed and expected 95% CL upper limits on the product of the cross section σ for the production of a 
spin-0 resonance X (left) and spin-2 resonance G (right)



HH run-II combination
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Observed and expected 95% CL upper limits of the production of a spin-0 resonance X (left) and spin-2 
resonance G (right) as a function of the mass versus the coupling/EFT cut-off.



HY run-II combination
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§ĤƚĲƖƻĲĬШċŰĬШĲǂƓĲĦƣĲĬШƨƓƓĲƖШũŔůŔƣƚШċƣШΦΡӖШ9xЯШŸŰШƣőĲШƓƖŸĬƨĦƣШŸŉШƣőĲШĦƖŸƚƚШƚĲĦƣŔŸŰШ͚ШŉŸƖШƣőĲШƓƖŸĬƨĦƣŔŸŰШ
of a resonance X via g-ŊШŉƨƚŔŸŰШċŰĬШƣőĲШĤƖċŰĦőŔŰŊШŉƖċĦƣŔŸŰШŉŸƖШƣőĲШñШӛШòыĤĤьcШĬĲĦċǃ



Conclusions
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• Several CMS analyses, including searches for HH/HY decays 
into various final states, have been completed, while others 
are ongoing using run-II and run-III pp collision data.

• No significant excess over the expected SM background has 
been observed.

• Constraints have been placed on several well-motivated 
Beyond the Standard Model (BSM) scenarios.

• Machine learning methods are widely used in particle 
identification, as well as for enhancing the sensitivity of 
new-physics searches against SM backgrounds.



Backup



The Anti-KT algorithm

The anti-Kt algorithm is a type of sequential recombination jet algorithm
Purpose:  Cluster particles into jets with cone shape
Step 1 – Distance measures:
• Compute distances between every pair of particles i,j:

• Compute distance to beam for each particle:

Step 2 – Find minimum distance:
• If the smallest distance is dij , merge particles i and j.
• If itõs diB , declare particle i a final jet and remove it.

Step 3 – Repeat:
• Keep iterating until all particles are clustered into jets.

Practical CMS usage:
AK4 Ƃ R=0.4 (standard jets)
AK8 Ƃ R=0.8 (boosted/large -radius jets)



DeepCSV for b-tagging

DeepCSV is a deep neural network (DNN) algorithm.
Purpose: identify jets originating from b-quarks vs. c-quarks or light -flavor / gluon jets.

the DeepCSV algorithm relies on theproperties heavy quarks:
- relatively long lifetime of the b (1.5 ps) and c quarks (1 ps) which leads to a 

displaced Secondary Vertex (SV).
- the b and c quarks jets have larger mass and harder fragmentation  compared to 

the lighter.
- the presence of charged leptons (electrons and muons)
- these leptons carry around 20% of the momentum in the case of a b hadron or 

10% in the case of a c hadron

Inputs
- Secondary vertex info: mass, flight distance, number of tracks.
- Track-based info: impact parameters, track multiplicity, pt fraction.
- Jet kinematics: pt, eta.
Network Architecture
- Fully connected deep neural network.
- Outputs probabilities for: b-jet, c-jet, and light -flavor jet.
Working Points

CMS BTV tiwiki

https://btv-wiki.docs.cern.ch/ScaleFactors/Run2UL2018/


DeepJet for b-tagging

DeepJet is an extended version of the DeepCSV algorithm.

the DeepJet algorithm relies on theproperties heavy quarks:
- relatively long lifetime of the b (1.5 ps) and c quarks (1 ps) which leads to a 

displaced Secondary Vertex (SV).
- the b and c quarks jets have larger mass and harder fragmentation  compared to 

the lighter.
- the presence of charged leptons (electrons and muons)
- these leptons carry around 20% of the momentum in the case of a b hadron or 

10% in the case of a c hadron

Inputs
- All tracks in the jet (impact parameters, pt, eta, etc.)
- Secondary vertex properties
- Jet constituents (charged/neutral)
- Jet kinematics (pt, eta)
Network Architecture
- Fully connected deep neural network +

convolutional layers for sequences of tracks/vertices
- Outputs probabilities for: b-jet, c-jet, and light -flavor jet.
Working Points

CMS BTV tiwiki

https://btv-wiki.docs.cern.ch/ScaleFactors/Run2UL2018/


ParticleNet for b/bb-tagging

ParticleNet is a special kind of DNN; graph neural networks ( GNN)
Key pint: A jet is a cone of particles related with spatial distances

used to:
- tag b-jets (AK4)
- tag bb originated from boosted H/X decaying to bb (AK8)

Inputs for training:
PF inputs (~100 ð 200 PF candidate per jet) including:
Pt, Eta, Phi, E, ID,IPS, vertex information, secondary vertex information

CMS DP -2025/009

CMS BTV tiwiki

https://btv-wiki.docs.cern.ch/ScaleFactors/Run2UL2018/


DeepTau for hadronically-decaying tau tagging

DeepTau is a DNN classifier that is used to identify the hadronic decay of tau

Inputs Features for training
• Tau candidate features
• PF candidates in the signal cone
• Isolation region information
• Electron & muon rejection variables

Output:  hadronic-decaying tau Probability



DeepAK8 for boosted H--> bb tagging

DeepAK8 is a fully connected DNN classifier that is used to identify boosted 
decays of H to bb and W/Z toqq against QCD backgrounds

Main Idea: Identifies two -prong b-quark jets from H Ƃ bb in boosted regime

Architecture: Multiple hidden layers (usually 3 ð5), each with ReLU activation

Inputs Features for training

Global jet features
• Jet 4-momentum: pT , η, φ, mass
• Jet energy fraction from charged/neutral components
• Jet multiplicity (number of constituents)

 Substructure features
• N-subjettiness: τ₁, τ₂, τ₃ (how consistent a jet is with 1, 2, 3 subjets)
• Mass drop, kT splitting scales
• Soft-drop mass and groomed features

Secondary vertex / b-tagging info
• Number of secondary vertices in jet
• Vertex mass, flight distance
• DeepCSV/DeepJet b-tag scores of subjets

Outputs:
Probabilities for each jet class:
P(H → bb) / P(W → qq)  / P(Z → qq)



X —> HH —> bbWW (boosted bb)

SL DL

Main selection
Triggers: single e/μ & HT & multiobject(l,j)
Leptons:  PT, η, IP, ID
qq: Ak8, PT, η, closest to the lepton (ΔR<1.2)
bb: AK8, PT, η, DeepAK8 tagger, isolated from ls, qq
   SL: Δφ(jl/jqq)>2.0/1.6  / DL: Δφ(jll/jl)>2.0/0.8

DeepAK8 effӇΥΡӖШ
<1% mis-tag of light-flavor/g jets.



X —> HY —> bbbb (boosted)

Main selection
Triggers: single AK8/ two AK8 and HT-based
Two AK8 jets:
|η|<2.4(2.5), pT >350(450) in 2016 (2017, 2018)
mSD >60 GeV
Lepton veto (Ne =0 and N‘=0)
Jet with 110 <mSD <140 GeV (H-candidate)
Jet with 60 <mSD (Y-candidate)
bb tagging (ParticleNet)

X —> HH —> bbττ (boosted)

Main selection
Triggers: MET-based
ττ:
Leptons: PT, η, ID, Isolation
Hadronic-tau: DeepTau-based tagger (>= 0.85)
Isolation from leptons (ΔὙ<= 0.05) and bb (ΔὙ<= 1.5)
bb:
AK8 jet
PT, η, ID, Isolation, ParticleNet tagger (LWP)

Veto: b-tagged AK4 (MWP DeepJet)
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