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• Non-resonant production of HH in bbWW channel

• Test Beam study of CMS phase 2 tracker 2S module

• A few Phenomenological studies

• Do not let the neutrino escape

Outline

2



Search for Non-Resonant HH production 
in bbWW decay channel in p-p collision 
using CMS data at √s = 13 TeV at the 

LHC
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LHC
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CMS
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Higgs Discovery
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Higgs Interactions to SM particles
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Higgs self-coupling
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Higgs self-coupling
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HH Production
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HH Production [BSM]
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HH Production [BSM]
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So … Main Motivations !
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HH Non-Resonant Analyses: Status! Nature volume 607, pages 60–68 (2022)
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HH -> bbWW
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HH -> bbWW
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Analysis Strategy
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Analysis Strategy
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Analysis Strategy
Measurement region
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Analysis Strategy

DL

SL

20



Analysis Strategy

DL

SL

MANY FEATURES SHOW DISCRIMINATIVE POWER BETWEEN SIGNALS 
AND SM BACKGROUNDS … 

SO … MACHINE LEARNING BASED CLASSIFIER !!!
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Analysis Strategy
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Machine Learning: Neural Network
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LBN + DNN
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DNN Response

Idea 
Let the fit determine the background normalization  
No need for much shape information (just enough 

variation in bin proportions) 

Quantile binning
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Idea 
Quadratically decreasing set of thresholds (aggregated total 

background bin > threshold → start new bin) 

Increase sensitivity to signal in the rightmost bins



Results
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Results
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Results
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Results
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Performance of the 2S module of new 
CMS tracker
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LHC -> HL-LHC
Key changes: 

•5 to 7.5 times higher 
instantaneous luminosity 
than the present one 

•Expected total integrated 
luminosity would be > 3000 
fb-1 

•Level-1 Trigger rate would 
be 750kHz instead of 
100kHz 
•Inclusion of tracking 
information in L1 

•HGCal and MTD installation 
•Brand new CMS tracker
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Current CMS Tracker
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New CMS Tracker

Key Requirements … 

•Radiation tolerance 
•Higher granularity 
•Reduced material budget 
•Robust pattern recognition 
•Contribution to the Level-1 
Trigger 

•Extended tracking 
acceptance
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Outer Tracker : 2S pT module
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Beam Test
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Threshold Scans
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Angular Scans
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Phenomenological Studies

38



Search for exotic Higgs boson at the LHC 

Flavor models based on Discrete symmetry groups with extended scalar 
sectors known to yield CP-even and CP-odd spin-0 exotic states 

S3 symmetric 3 HDM: 3 CP even, 2 CP odd neutral and 2 sets of charged 
scalars with purely off-diagonal couplings (No H(X)VV coupling): Particles of 
interest: CP even heavy scalar H, CP odd light pseudo scalar X … Couplings of 
interest: Huc, Xmutau 

Major Bkgs: WZ+Jets, ZZ+Jets, ttZ+Jets

39

ℒ = 1000 fb−1

Phys.Rev.D 106 (2022) 5, 055032



Search for exotic Higgs boson at the LHC 

Flavor models based on Discrete symmetry groups with extended scalar 
sectors known to yield CP-even and CP-odd spin-0 exotic states 

S3 symmetric 3 HDM: 3 CP even, 2 CP odd neutral and 2 sets of charged 
scalars with purely off-diagonal couplings: Particles of interest: CP even 
heavy scalar H, CP odd light pseudo scalar X 

Phys.Rev.D 106 (2022) 5, 055032

Search for exotic Higgs boson at the LHC 

Looking for Xct couplings: a different channel dominated by ttbar 
background process 

2212.09061
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https://arxiv.org/abs/2212.09061


Search for exotic Higgs boson at the LHC 

Flavor models based on Discrete symmetry groups with extended scalar 
sectors known to yield CP-even and CP-odd spin-0 exotic states 

S3 symmetric 3 HDM: 3 CP even, 2 CP odd neutral and 2 sets of charged 
scalars with purely off-diagonal couplings: Particles of interest: CP even 
heavy scalar H, CP odd light pseudo scalar X 

Phys.Rev.D 106 (2022) 5, 055032

Search for exotic Higgs boson at the LHC 

Looking for Xct couplings: a different channel dominated by ttbar 
background process 

Muon g-2 and W-mass in a framework of 
colored scalars 

Type-X 2HDM is augmented with a color octet isodoublet: 
able to explain the observed value of W-mass by CDF and g-2 
anomalies with minimal flavor violation. 

A collider signature in bbtautau final state has been studied 
Eur.Phys.J.C 83 (2023) 9, 870
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Do not let the neutrino escape
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Event Selection • Dataset:

• DYJetsToLL

• Muon selection:

• Pt > 20 GeV

• |eta| < 2.4

• |dxy| < 0.045

• |dz| < 0.2

• mediumId

• Electron selection:

• Pt > 25 GeV

• |eta| < 2.5

• |dxy| < 0.045

• |dz| < 0.2

• mvaFall17V2Iso_WP80

• Electron.DeltaR(Muon) > 0.2

• Tau selection:

• Pt > 20 GeV

• |eta| < 2.3

• |dz| < 0.2

• idDecayModeNewDMs

• DM: 0, 1, 2, 10, 11

• idDeepTau2017v2p1VSjet >= 4, idDeepTau2017v2p1VSe >= 

2, idDeepTau2017v2p1VSmu >= 1

• Tau.DeltaR(Muon/Electron) > 0.2

• Jet selection:

• Pt > 25 GeV

• |eta| < 4.7

• jetId == 6

• puId == 4 if pt > 50 GeV

• Jet.DeltaR(ele/mu/tau) > 0.2

• Gen tau_nu selection:

• |PdgId| == 16

• Flags: isTauDecayProduct | 

isPromptTauDecayProduct | isDirectTauDecayProduct 
| isDirectPromptTauDecayProduct


• |PdgId| of mother == 15

• Gen.DeltaR(tau) < 0.4

• Pt > 0.1 GeV

• 2 tau candidates of opposite charge

• 12 < Invariant mass of two taus < 200

• No extra electrons or muons

Pt

Eta

Phi

Mass

Tau 1 Tau 2 Jet 1 Jet 2 Jet 4Jet 3
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Networks used
• ResNet: Deep Neural Network with skip connections


• Initial layer: 512 hidden nodes [4 ResNet blocks with three layers]

• Activation: selu

• Batch Normalization

• Dropout: 10%

• L2 Regularizer: 0.0001


• LBN: Lorentz Boost Network + ResNet

• LBN with 2 hadronic taus, 4 leading jets, MET

• LBN outputs: 5 particles with [“E", "px", "py", "pz", "pt", "eta", "phi", "p", "m", 

“pair_cos"]

• Extra features concatenated with LBN output

• Then the skip connections are the same as mentioned in ResNet
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Loss

• Two types of loss functions are used

• Huber:


• Custom MAE loss:

• Mean of 


• y_pred and y_true include the px, py, pz only.

• Adding this extra mass constraint in the loss

∑ α |ypred − ytrue | + β |
mττ

pred

mττ
true

− 1 | α = 1, β = 1

δ = 1
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ResNet with Custom Loss
ν1

τ

ν2
τ

ν1
τ

ν2
τ

mττ Full
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Using scaled input features
• MET is considered as the reference object

• All the objects are rotated to the direction of MET


• Phi(object) - Phi(MET)

• To help the networks not to focus on the variation of Phi while predicting the shape of px, 

py and pz
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ResNet with Custom Loss
ν1

τ

ν2
τ

ν1
τ

ν2
τ

mττ Full
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Summary

Search for Non-
Resonant HH production with full-

run2 data 

• HH -> bbWW channel 

• Challenging for high background 
yield: Machine learning based 
classifier is used for better 
sensitivity 

• Currently 5x better results than 
2016 & will be added in HH 
combination 

Performance of 
2S module for Phase-2 CMS 

outer tracker 

• New tracking detector will 
be installed at the HL-LHC 

• Outer tracker will have 2S 
modules 

• The performance of those 
modules are tested in beam 
test experiment 

• Tracks with pT > 2 GeV can 
be used in L1 trigger for 
(un)-irradiated 2S modules

Regression of 
neutrino momentum 

• In Higgs to tau tau analysis 
for CP violation, it is 
important to get full tau 
momenta 

• Several ML based approach 
can be used to regress 
neutrino momenta 

• The plan is to use more 
granular event information 
and advanced techniques for 
better performance.
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Thank you for your attention …



BACKUP



Uncertainties



Uncertainties





Binning

Idea 
Quadratically decreasing 

set of thresholds 
(aggregated total 
background bin > 

threshold → start new 
bin) 

Increase sensitivity to 
signal in the rightmost 

bins
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EFT Shape Benchmarks
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EFT Shape Benchmarks
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EFT Shape Benchmarks
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