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Outline

 What are polarised W bosons?

 Why are they interesting?

 How can they be studied at the LHC?

 What are the properties the signal process?

 How is it calculated?

 How can the signal be separated from the background?

 Conclusions
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W bosons acquire third polarisation through Higgs 
mechanism

 W bosons are the mediators of the weak force and have 3 polarisations

 Masses and longitudinal polarisations are added by Higgs mechanism

 Higgs doublet 𝜙: 4 degrees of freedom

 3 Degrees of freedom are recast as longitudinal polarisations 

 Extra polarisation of gauge boson causes divergence in scattering
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O(s) divergence in W boson scattering

 After summing the 4 point vertex and 𝛾/𝑍 exchange, an 𝑂(𝑠) divergence 
remains

 The 𝑂(𝑠) divergence is cancelled by the Higgs exchange diagrams

 Cancelling is only exact if all couplings are precisely SM values
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Why are polarised W bosons interesting?

 If coupling different 𝑔𝐻𝑊𝑊 = 𝛿 𝑔𝑆𝑀, the divergence still exists

 Lepton opening angle and other distributions are sensitive to different 
transverse and longitudinal couplings

arxiv:0803.2661v2 arxiv:1404.5951v2
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W boson fusion at a hadron collider

 Two W bosons radiated from incoming quarks

 Fuse to Higgs boson

 Higgs decays to leptons: 𝐻 → 𝑊𝑊∗ → 𝑒𝜈𝜇𝜈

 Rare process: cross section of a few fb
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Properties of vector boson fusion 𝐻 → 𝑊𝑊∗ → 𝑒𝜈𝜇𝜈

Missing transverse
energy

Two energetic
charged leptons

Two forward
tagging jets with low
Transverse 
momentum

Centrally produced
Higgs boson

 Higgs resonance and small charged lepton angle are discussed on 
the next slides
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Most of the signal is at the Higgs mass

 Cross section around Higgs mass resonance of 125 GeV is orders 
of magnitude larger than at other invariant masses

Invariant mass of all leptons
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Angle between charged leptons

W boson momentum makes the two
charged leptons more anti-parallel

Higgs boson momentum makes the two 
charged leptons more parallel

The spins of the particles make the two 
charged leptons more parallel
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Angle between two charged leptons is small

\

 Azimuthal angle φ between two charged leptons is small, so the aligning 
effects are stronger

On shell Higgs

Off shell Higgs

Beam
axis

𝜑

ℓ

ℓ

Transverse plane
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Investigation using simulated events

 Distributions are calculated using Madgraph5_MC@NLO

 Using  preselection cuts from ATLAS High Luminosity-LHC 
prospect at 14 TeV

 Focus on two differently flavoured leptons: 𝑒+and 𝜇−

 Only leading order (LO)
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W boson fusion in experimental data

 The signal vector boson fusion occurs at the LHC

 However, experimental data contains signal process and other processes, 
backgrounds

 Most of the important backgrounds are calculated
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Non resonant backgrounds

• Production of 2 W bosons under gluon or vector boson exchange

• Same final state

• No Higgs resonance, less energetic jets, larger lepton angle
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Other Higgs production channels

• Associated production has low jet mass

• gluon-gluon Fusion (ggF) approximated with Higgs effective field theory

• Often higher jet multiplicity than signal
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Top backgrounds

 𝑡  𝑡 is the largest background

 Single top has a single jet at LO, additional jets from showering 

 𝑏 tagging reduces background, which is work in progress
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Other excluded backgrounds

 Not included because related to detector response

 Not included because involving 2 NLO jets

Misidentified leptons Other di-boson backgrounds

𝜏𝜏 Drell-Yan
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Separate signal from backgrounds using cuts

 Separate signal events from backgrounds events using a series of selection 
criteria, cuts

 Sequentially apply cuts, i.e. only use remaining events to chose next cut

 Cuts on the next slides are selected to optimise signal separation from 
included backgrounds at parton level

 First at parton level

 Then after showering and hadronisation, which is work in progress



Cut on 𝑚𝑗𝑗 > 600 GeV

• Cut on invariant mass of the two jets 𝑚𝑗𝑗 because signal features two 
energetic jets

11 April 2016 18



11 April 2016 19

Add transverse mass cut

 Combined mass of all leptons cannot be reconstructed because neutrino's 
are not detectable at the LHC

 Transverse mass can be calculated using missing transverse momentum 
instead of neutrino momentum

 And assume

 Transverse mass is smaller than true combined mass



Add transverse mass cut 𝑚𝑇 < 130 GeV

Cuts selects the Higgs resonance
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Add cut 𝑚𝑙𝑙 < 70 GeV

Signal has small lepton angle and thus small lepton mass
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Add Δ𝜂𝑗𝑗 > 3.6 Cut

• Cut on psuedorapidity 𝜂 difference of two jets

• The signal jets are highly forward
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Add outside lepton veto

 Lepton rapidity must be between two jets
ηjet 1 < ηlepton < ηjet 2

jet lepton

jet

jet jet

lepton



Add outside lepton veto
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Lepton rapidity must be between two jets 𝜂𝑗1 < 𝜂ℓ < 𝜂𝑗2

jet lepton

jet

jet jet

lepton



Overview of selection

• Signal can be separated from background at parton level

• The number of events at 300 fb-1 gives rise to optimism for a possible 
measurement of the polarised couplings
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Selection after showering and hadronisation is work in 
progress

Initial and final state radiation, and hadronisation make signal separation harder

With the same selection, there is considerably more background left after 
showering and hadronisation, for example at the outside lepton veto:

To do is change cuts and add a b-jet veto

11 April 2016 26



11 April 2016 27

Conclusions

 Vector boson fusion can test W boson polarisation couplings

 The signal has distinctive properties, that make it possible to separate the 
backgrounds 

 The projected number of events for 300 fb-1  at parton level is promising

 Selection after showering and hadronisation is coming along

Thank you for your attention
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 The 𝑂(𝑠2) divergence is cancelled by the 𝛾/𝑍 exchange 

 Longitudinal polarised W boson scattering has an 𝑂(𝑠2) divergence in the 
matrix element of the four point vertex
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O(s2) divergence in W boson scattering
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Centrality
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Divergence of cross section

WW->H->WW scattering:

With O(s) divergence

Without O(s) divergence
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Complete cutflow
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Cut on 𝑚𝑗𝑗 > 600 GeV

• Cut on invariant mass of the two jets 𝑚𝑗𝑗 because signal features two 
energetic jets
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Add transverse mass cut 𝑚𝑇 < 130 GeV

Cuts selects the Higgs resonance
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Add cut 𝑚𝑙𝑙 < 70 GeV

Signal has small lepton angle and thus small lepton mass
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Add Δ𝜂𝑗𝑗 > 3.6 Cut

• Cut on 𝜂 difference of two jets

• The signal jets are highly forward
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Add outside lepton veto
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Lepton rapidity must be between two jets 𝜂𝑗1 < 𝜂ℓ < 𝜂𝑗2

jet lepton

jet

jet jet

lepton



Central jet veto
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Transverse mass
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Final state particles
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Electron and positron mothers
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After showering and hadronisation

 Initial state radiation, final state radiation and hadronisation

 PYTHIA 8.2

 Clustered using anti-kT clustering with 𝑅 = 0.4 and 𝑝𝑇 > 10 GeV

 Tagging jets selected by 𝑝𝑇

 Charged leptons selected by 𝑝𝑇 and isolation from jets
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