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Higgs as probe of BSM
● No signs of BSM yet (except neutrino mass)
● Higgs boson one of the least understood SM particles

● Might be connected to BSM, e.g., a dark sector

Standard model
Dark sector

Higgs

● Precision measurements of
Higgs could lead to
discoveries

Dark sector
particle
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Heavy neutral leptons
● Also known as sterile neutrinos, dark neutrinos etc.
● Various models

● Majorana particle that gives neutrinos mass via Type-I
Seesaw mechanism

● Dark sector model with SU(2)D that result in matter-
antimatter asymmetry [arXiv:1910.08068]

● In this study: mZ < mNd < mH
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BSM signal
● Exotic Higgs decay: H→νNd

● Only e, μ channels

● Focus on hadronic decay mode

● Signal characteristics:

– 4 jets

– 1 isolated lepton

– Missing 4-momentum

● Free parameters: HNL mass, BR(H→νNd)BR(Nd→lW)
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Dominant background
● Same final state as signal

● Also includes a W boson

– Problem for invariant
mass reconstruction

● W* can be used for filtering
this background
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Method
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Method

Pre-
selection
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Method

Pre-
selection

Rectangular
cuts
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Method

Pre-
selection

Rectangular
cuts

Machine
learning
model

Signal events

Background events
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Dataset
● Full detector (ILD) simulations

● Whizard (event generation)→Pythia (parton shower + hadronization)
→Geant4 (detector simulation)→Marlin (reconstruction)

● 1000 fb-1 each of beam polarization (-0.8, +0.3), (+0.8, -0.3)
● √s = 250 GeV
● Aligns with currently proposed configuration of ILC

Signal
● mND = 95, 100, 105, 110, 115, 120 GeV
● ~200 000 events per mass per beam polarization
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Pre-selection
● Require at least one isolated lepton (neural network)

● Muon: lepton finder output > 0.5
● Electron: lepton finder output > 0.2

● Cluster remaining particles to 4 jets with Durham clustering
● Pair jets to Z and W to minimize

● Mass resolution calculated from invariant mass from MC
truth jets
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Rectangular cuts
● Optimize cuts to maximize significance σ = s/√(s+b) 
● Separate cuts for each beam polarization, HNL mass

Example (m=100 GeV, (+0.8, -0.3) beam polarization)
● (Lepton energy)/50 + (missing energy)/100 < 1
● Isolated lepton finder output > 0.6
● 160 GeV < 4-jet invariant mass < 220 GeV
● Durham jet distance y4→3 > 0.004 (if jets are more likely from 4 or 3 quarks)
● At least 4 particles in each jet
● 10 GeV < Missing momentum < 45 GeV
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Missing momentum cut
● Differs significantly for different dark neutrino masses

m=100 GeV, (+0.8, -0.3) beam polarization
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Machine learning
● Boosted decision tree
● Separate BDT for each mass, beam polarization

Input parameters
● Lepton energy, missing energy
● 4-jet combined momentum
● Angle between isolated lepton and closest jet
● Lepton, Missing 4-momentum, Z boson production angle
● Lepton helicity angle in dark neutrino rest frame
● Higgs, Z boson, W boson, dark neutrino invariant mass
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After cuts: signal & background
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Total significance

Exclusion plot
● Background reduced by

factor of ~200 000

● ~20% of signal left

● H branching ratio can
be probed down to
0.1%

● By some estimates, BR
measurements could be
25x better than HL-LHC!
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Exclusion

● Convert branching ratio to
mixing angle between SM
neutrino and HNL

● Exclusion improved by factor
of 10 compared to current
constraints (possibly more)
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Summary
● Study heavy neutral lepton model

● mZ < mNd < mH

● First ever full detector simulation for H→Nd

● Rectangular cuts + machine learning

● Constrain BR(H→νNd)BR(Nd→lW) to 0.1% (at 2σ)

● 25x higher significance compared to HL-LHC

– ILC allows for high precision measurements!

● Accepted by PRD: arXiv:2309.11254
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Thank you for listening!

https://www.hep.ucl.ac.uk/~pbolton/
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Side outcome: H→WW*
● H→WW*→qq lν dominant background
● H→WW* interesting to study on its own

● Key to Higgs total width

● Only investigate H→WW*→qq lν decay channel
● Same workflow as dark neutrino analysis
● Dark neutrino-related input parameters to BDT are removed
● No lepton channel separation (yet)
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Cut table | (-0.8, +0.3) beam
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Cut table | (+0.8, -0.3) beam
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Significance
● Combined significance: 58σ
● Previous study of same decay channel at ILC (H. Ono): 36σ

● Both W*→lν and W*→qq were used

● Previous study of H→WW* significance, with all decay
modes: 61σ

● Major improvement of significance compared to previous
studies at ILC



  24

Particles in dark sector
● Two Higgs doublets
● Higgs potential:

● λ5,6,7 are complex (CP violation)
● Left-handed L1u, L1d with charge Q1

● Right-handed Nu, Nd (dark neutrinos) with charge Q1

● L2: massless particle with charge Q2

● Exists to counteract Witten’s anomaly but not important
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Early universe
I. Dark first-order phase transition in early universe

● More particles than antiparticles in dark sector
II.Nu decays to SM leptons

● Q1 asymmetry converted to SM lepton asymmetry
● Some leptons converted to baryons through SM sphaleron

III.After EW symmetry breaking, Nd decays to SM leptons
→additional lepton asymmetry
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Techincal details
● Use ROOT::RDataFrame in Jupyter notebook 

Simplifies: 
● Making and analyzing cuts
● Defining new variables
● Running the code in parallel→performance boost
● Visualize the filtered data
● Exploratory data analysis
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Boosted decision tree
● Multiple binary decision

trees are trained
● When evaluating an event,

the trees ”vote” if the event
is signal or background

● The BDT output is the
weighted mean of all trees

● Events are reweighted such
that signal and background
is equal in size

Image source: TMVA User Guide

https://root.cern.ch/download/doc/tmva/TMVAUsersGuide.pdf
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Lepton/missing energy distribution

m=100 GeV, (+0.8, -0.3) beam polarization



  29

Machine learning output
● Confirm that BDT is not overtrained
● Find optimal BDT cut value to maximize significance

100 GeV dark neutrino mass, (-0.8, +0.3) beam polarization 100 GeV dark neutrino mass, (-0.8, +0.3), e channel
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BDT parameter distributions - energies

100 GeV dark neutrino mass, (-0.8, +0.3) beam polarization
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BDT parameter distributions - angles
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BDT parameter distributions - masses
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Example cut table for dark neutrino

1% branching ratio

120 GeV

(+0.8, -0.3)

Muon channel

1% branching ratio

100 GeV

(-0.8, +0.3)

Electron channel
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Mass distributions
● Corrected mass: mND – mW + mW0

● W boson jet momentum error dominant for dark neutrino
reconstruction→error removed in correction

120 GeV mass, (+0.8, -0.3), μ channel
95 GeV mass, (-0.8, +0.3), e channel

*Dark neutrino mass not used as input to MVA

Not correctedCorrected
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Mass distributions



  36

Potential improvements

● Lepton helicity angle in dark neutrino
rest frame is incorrectly reconstructed

● Slight increase of negative angles
● Caused by error in jet clustering

● W and Z jets are mixed

● Improved jet clustering algorithms
crucial for future collider experiments
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