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Why is CP-invariance interesting?

3 conditions needed to to explain observed baryon asymmetry in the Universe 

with Higgs discovery opportunity to search for new sources of CP violation 
- pure CP-odd Higgs boson couplings already unlikely 
- how about CP-mixing? 

Probe tensor structure of HVV coupling in VBF  
– CP-odd contribution is clear indication of new physics

Sakharov conditions: 
- B violation 
- C and CP violation 
- non-thermal equilibrium

CP-violation in the quark sector not large enough!
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Parametrisation of CP-odd coupling

Effective field theory Lagrangian with CP-odd terms:

• CP-mixing parametrised in terms of     and 

• contributions from the various electroweak 
gauge-boson fusion processes cannot be 
distinguished experimentally  

 —>  set = 

• Because of this assumption, can directly 
compare with results from HWW/HZZ          
CP-analyses (arXiv:1506.05669)
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Parametrisation of CP-odd coupling
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Measuring CP-invariance

if CP is violated: ← model independent test of CP-invariance!
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CP-odd observable: signed Δɸjj

First proposed by Hankele, Klamke, Zeppenfeld and Figy in 0609075 [hep-ph]

http://arxiv.org/pdf/hep-ph/0609075.pdf
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Optimal Observable

Optimal Observable techniques used extensively at LEP!
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First order Optimal Observable

Calculated with: 
- Higgs 4-vector, as sum of 4-vectors of 

reconstructed taus from MMC 
- two reconstructed anti-kt jets (pT ordered) 
- Bjoerken x of initial-state partons:   

Flavour of the initial- and final-state partons 
unknown —> sum over all possible flavour 
configurations (CT10, LO)

Neglecting squared term in ME (or assuming     small), fit to one-dimensional optimal 
observable has same power as full multi-dimensional fit 

LO ME from HAWK

 method independent of decay mode!

also include 3rd jet, if present
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Signal Modelling

• No full-simulation MC sample available for   ! ≠ 0 —> use reweighing

• MEs from HAWK (same code used for OO calculation) 

• SM VBF Higgs signal sample: NLO POWHEG+PYTHIA 
- three possible processes: qq → qqH, qg → qq q-barH, qq → qqgH 

• use appropriate ME at LO for the 2 → 2 or the 2 → 3 process, taking into account 
ingoing and outgoing parton flavours 
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Signal Modelling Validation 
Reweighting validated with MG5_aMC@NLO. Compare: 

- NLO SM MG5_aMC@NLO sample re-weighted  
- NLO BMS MC5_aMC@NLO generated sample

shape difference used as systematic uncertainty in ML fit
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Why CP-invariance in VBF H → 𝜏𝜏 ?

H →𝜏𝜏 channel has large VBF sample 
- use 8 TeV dataset from run 1 
- use it for a proof of principle 

Method can be extended to any decay mode  
that is sensitive to VBF production!  

- good project for run 2 

Build on H →𝜏𝜏 evidence analysis (JHEP 04 
(2015) 117) 

- use same background estimation, 
categories, BDT and systematics 

- include only lep-had and lep-lep channels  



E. Pianori, Future VBF measurements 1222.09.2016

Category ggF VBF S/B 
lep-lep 41% 55% 0.023

lep-had 33% 64% 0.017

Multivariate analyses based on boosted decision tree to enhance signal/bkg separation 

0.3

VBF region (before BDT cut):

VBF region definition 
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Background model

Z →𝜏𝜏 from embedding
arXiv:1506.05623 
Z →μμ data events, subtract μ and 
replace it with simulated 𝜏  

Fakes:
use data-driven methods, use anti-
isolated leptons/taus 

t-tbar + single-top
Shape from MC 
normalisation from top CR  
(inverted bveto) 

Other:
Diboson and Z →μμ/ee (lep-lep) 
from MC, both shape and normalisation

http://arxiv.org/abs/1506.05623
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Signal regions

Input variable chosen according to: 
• resonance properties: m(ττ), ΔR(ττ),  
• VBF topology: m(jj), Δη(jj), ηj1xηj2,  
• event activity: vector pT-sum. 
• event topology: mT ,object centralities
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Lep-Lep fit model
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Lep-Had fit model

0.3
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OO in low BDT control region
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Fit 

Generate signal hypotheses in a range of CP-odd coupling strength values (d-tilde) 

• Calculate negative log likelihood (NLL) for each signal hypothesis including signal 
region and all control regions (one NLL value per signal hypothesis) 

• NLL built using binned maximum likelihood (HistFactory) 

• VBF signal normalisation free in fit, only shape information is used 

• All other Higgs production modes treated as background 
• VBF H —> WW (lep-lep final state) considered signal 

• include all source of sys unc used in the coupling papers 
• add uncertainties to OO shape for signal due to UE/PS and to re-weighting 
• largest ones are related to JES/JER, hadronically decaying tau and electron 

energy scales; the most important theoretical uncertainty is due to the 
description of the underlying event and parton shower in the VBF signal sample.  
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Results

• fit only shape  
• signal normalisation free 

to float
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Results
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Comparing to signed Δɸjj

• is OO really better than using signed Δɸjj ?
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Direct test of CP-invariance

<OO> measured in data:
    0.3 ± 0.5    lep-lep 
  −0.3 ± 0.4   lep-had
Consistent with zero → No sign of CP-violation

• SM background are CP-invariant 
• check that <OO>bkg = 0 

pre-fit bkg model
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Conclusion

• first test of CP-invariance in the VBF production 
- use CP-odd optimal observable  
- proven to be much more powerful than Δɸjj 
- approach is independent of the decay, can be used by other decay channels! 

• only set 68% C.L. interval, not enough sensitivity with 20/fb to reach 2 sigma exclusion 
• proof of principle of the method 

• 68% C.L. interval is10 times better than H—>ZZ/H—>WW combined analysis 
• also better then H —> ƔƔ EFT constraint from differential cross sections  
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Back Up
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Extra assumptions
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MC Samples
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H→WW 
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Missing Mass Calculator
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Pre-selection


