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Searches for CP violation in Bosonic Higgs 
Interactions
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• SMEFT squared matrix element:

Bosonic Higgs Vertex - HVV

VBF H → ττ̄ VBF H → γγ

H → ZZ* → 4l
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• Search for CP violation in the HVV vertex in both VBF Higgs production and in 
Higgs decays to four leptons.


• Optimal Observable (OO) used as discriminant, calculated from matrix elements.


• In the SM, OO distribution is symmetric around zero. Asymmetric for CP-odd 
signals.


• Set limits on SMEFT couplings in Warsaw, Higgs, and HISZ bases.

H → ZZ* → 4l arXiv:2304.09612 (submitted to JHEP)

H  Decay→ 4l VBF H Production

OO =
2Re(ℳ*SMℳBSM)

|ℳSM |2

https://arxiv.org/abs/2304.09612
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• ZZ* background normalisation fitted in a mass sideband 
control region.


• VBF-depleted ggH signal region, and four VBF signal 
regions defined by the output of a neural net classifier.


• Decay-level fit in VBF-depleted signal region.


• Production level fit in VBF signal regions.


• Shape only, signal normalisation is floating in the fit.

H → ZZ* → 4l arXiv:2304.09612 (submitted to JHEP)

https://arxiv.org/abs/2304.09612
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• In agreement with the SM.


• Limits are dominated by the interference matrix 
element term. 


• Implies low expected sensitivity to dimension 
eight operators.

H → ZZ* → 4l
Higgs Basis Warsaw Basis SMEFT Coefficients

Fit Type
Decay

Decay

Combined

Decay

Production

Decay

Decay

arXiv:2304.09612 (submitted to JHEP)

https://arxiv.org/abs/2304.09612
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• Search for CP violation in Higgs VBF production, with the Higgs decaying to a photon pair.


• Search performed in the Warsaw ( ) and HISZ ( ) bases.


• Two boosted decision tree (BDT) classifiers are used: one to separate VBF signal from ggH contamination and one to separate VBF events 
from continuum  background events.


• Three signal regions are defined based on cuts in the classifier outputs: TT, TL, and LT

cHW̃ d̃

γγ

VBF H → γγ Phys. Rev. Lett. 131 (2023) 061802

γ

γ

t
t

t̄

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802


Simen Hellesund (UiB) Measurement of Higgs CP in ATLAS 09.04.24 8

• Perform an unbinned fit to  in each 
signal region, and in each bin of the optimal 
observable distribution.


• Signal and background shapes are 
modelled by analytic functions. 


• Normalisation of the signal floats in the fit, 
only considering the OO shape.

mγγ

VBF H → γγ Phys. Rev. Lett. 131 (2023) 061802

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802
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• Confidence intervals at 95%: , 


• Consistent with the SM.


• Again, the CP-odd interference term is dominant, as expected for a shape analysis.


• The 68%  confidence limit is about twice as restrictive as in the previously shown 4l analysis.


• Combine  result with VBF H  analysis using a partial (36.1 fb-1) Run 2 dataset for a confidence interval at 95% of  


• Full Run 2 VBF H  analysis is under way.

d̃ : [−0.034,0.071] cHW̃ : [−0.55,1.07]

cHW̃

d̃ → ττ̄ d̃ : [−0.034,0.057]

→ ττ̄

VBF H → γγ Phys. Rev. Lett. 131 (2023) 061802

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802
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Searches for CP violation in Fermionic Higgs 
Interactions
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• In fermionic interactions, CP-odd contribution may 
contribute at tree level.


• CP-odd contribution determined by the CP-mixing 
angle  and the coupling strength parameter .α κ′￼

Fermionic Higgs Vertices - Yukawa

H  Vertexττ̄

H  Vertextt̄

ℒtt̄H = − κ′￼tytϕψ̄t(cos α + iγ5 sin α)ψt
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• Analysis targeting H  and Ht production, with H 


• Optimised for H , but Ht processes are also considered signal.


• Two channels, defined by the top pair decay modes:


• Dileptonic: four b-tagged jets, two charged leptons.


• l + jets: six jets (four b-tagged), one charged lepton.


• Four signal regions, defined by the output of two BDTs.


• CP-sensitive observables b2 and b4, (or BDT output directly)


• p1 and p2 are the momentum three-vectors of the two top quarks.

tt̄ → bb̄

tt̄

Ht, H  with H  tt̄ → bb̄ Phys. Lett. B 849 (2024) 138469

b2 =
( p 1 × ̂z) ⋅ ( p 2 × ̂z)

| p 1 | | p 2 |

b4 =
( p 1 ⋅ ̂z)( p 2 ⋅ ̂z)

| p 1 | | p 2 |

https://www.sciencedirect.com/science/article/pii/S0370269324000285/pdf


Simen Hellesund (UiB) Measurement of Higgs CP in ATLAS 09.04.24 13

• Simultaneous profile likelihood fit in all 
four signal regions. 


•  and  are free parameters in the fit. 


• Best fit parameters found to be:


• 


•

κ′￼t α

κ′￼t = 0.84+0.30
−0.46

α = 11∘+52∘

−73∘

Ht, H  with H  tt̄ → bb̄ Phys. Lett. B 849 (2024) 138469

https://www.sciencedirect.com/science/article/pii/S0370269324000285/pdf
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• Results are consistent with the SM.


• First probing of the CP properties of the Higgs top 
Yukawa coupling in this channel.


• The pure CP-odd hypothesis is disfavoured at 1.2 .


• The ratio of Ht to H  cross-sections varies from 0.06 
in the SM scenario to more than 1.2 in the pure CP-
odd scenario.


• A dedicated Ht-optimised analysis is underway, 
focussing on the boosted Higgs region. 

σ

tt̄

Ht, H  with H  tt̄ → bb̄ Phys. Lett. B 849 (2024) 138469

κt = κ′￼t cos α
κ̃t = κ′￼t sin α

κ′￼t = 0.84+0.30
−0.46 α = 11∘+52∘

−73∘

https://www.sciencedirect.com/science/article/pii/S0370269324000285/pdf
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• A search for CP violation in Higgs di-tau decays.


• The CP-mixing angle  is encoded in the correlations 
between the transverse spin components of the tau 
leptons.


• The signed acoplanarity angle  between the tau 
decay planes is sensitive to these spin correlations.


• The analysis targets hadronic and semi-hadronic di-tau 
decay channels.

α

ϕ*CP

H → ττ̄ Eur. Phys. J. C 83 (2023) 563

https://link.springer.com/article/10.1140/epjc/s10052-023-11583-y
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• Two VBF (determined by the output of a BDT) and two ggH (boosted) signal regions.


• Further separated into "high", "medium", "low", signal regions, based on tau decay modes, and 
their sensitivity to tau spin correlations.


• Z  background normalisation determined in a dedicated control region.→ ττ̄

H → ττ̄ Eur. Phys. J. C 83 (2023) 563

https://link.springer.com/article/10.1140/epjc/s10052-023-11583-y
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• Simultaneous likelihood fit as a function of the CP 
mixing angle  (  here).


• Signal strength floating in the fit. 


• Best fit value: 


• Reject the pure CP-odd hypothesis at 3.4  level.


• Results are consistent with the SM.

α ϕτ

α = 9∘ ± 16∘

σ

H → ττ̄ Eur. Phys. J. C 83 (2023) 563

https://link.springer.com/article/10.1140/epjc/s10052-023-11583-y
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• Four ATLAS-searches for CP violation in the Higgs sector, both in Higgs 
production and decay, utilising the full Run 2 dataset.


• No evidence for CP violation observed.


• All four analyses use multivariate methods to improve sensitivity. 


• Complimentary analyses, such as VBF H  and Ht with H  are in the 
pipeline.


• Searches utilising Run 3 data are also under way.

→ ττ̄ → bb̄

Summary and Outlook
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Backup
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• Sakharov conditions: CP violation must exist to explain the matter-
antimatter asymmetry in the universe.


• CP violation exists in the SM, but not enough to explain the 
observed asymmetry.


• In the SM, the Higgs boson is a CP-even scalar (JP = 0+).


• Pure CP-odd pseudoscalar (JP = 0-) state has been ruled out.


• Mixed states still possible.


• Observation of CP violation in the Higgs sector would be unequivocal 
evidence of BSM physics.

Introduction
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• The ATLAS detector recorded 139 fb-1 of proton-
proton collision data during the 2015-2018 LHC 
data taking campaign (Run 2).


• This talk will present recent ATLAS searches for 
CP violation in Higgs production and decay, 
utilising the full Run 2 dataset.


• Probing both bosonic and fermionic Higgs 
couplings.

Introduction

ATLAS Public Luminosity Results

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
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• Extend the SM Lagrangian by CP violating operators of mass dimension 6:

Theoretical Framework - SMEFT

ℒEFT = ℒSM + ∑
i

ci

Λ2
𝒪(6)

i

The Warsaw Basis The Higgs Basis

The HISZ Basis
• In VBF, we cannot separate the contribution from different boson flavours.


• Set , 


• CP-odd contribution is now parameterised through  alone.

cHW̃ = cH B̃ =
Λ2

v2
d̃ cHW̃B = 0

d̃
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• Cross section is proportional to the squared matrix element:

Theoretical Framework - SMEFT

• The first and third terms are both CP-even.


• The second term, stemming from interference between the SM and BSM 
matrix elements, is CP-odd.

|ℳ |2 = |ℳSM |2 + 2∑
i

ci

Λ2
Re(ℳ*SMℳBSM,i) + ∑

i
∑

j

cicj

Λ4
Re(ℳ*BSM,jℳBSM,i)
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• Example: top Yukawa coupling:


• Add pseudoscalar term:


• Expressed in terms of mixing angle :


• Pure CP-even ( =0), pure CP-odd ( = /2). Intermediate values are possible.


• CP-odd component of the HVV coupling is naturally suppressed by the scale 
of the new physics ( ). This does not happen for Yukawa couplings, where 
CP-odd contribution may be significant at tree level.

α

α α π

Λ

The Kappa Framework

ℒtt̄H = − κ′￼tytϕψ̄t(cos α + iγ5 sin α)ψt

ℒtt̄H = ytϕψ̄tψt

ℒtt̄H = − ytϕψ̄t(κt + iγ5κ̃t)ψt

κt = κ′￼t cos α
κ̃t = κ′￼t sin α
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H → ZZ* → 4l arXiv:2304.09612 (submitted to JHEP)

Optimal observable distribution in the four VBF SRs, as well as in the inclusive SR.

https://arxiv.org/abs/2304.09612
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H → ZZ* → 4l  arXiv:2304.09612 (submitted to JHEP)

https://arxiv.org/abs/2304.09612
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VBF H → γγ Phys. Rev. Lett. 131 (2023) 061802

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802
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Ht, H  with H  tt̄ → bb̄ Phys. Lett. B 849 (2024) 138469

https://www.sciencedirect.com/science/article/pii/S0370269324000285/pdf
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• Yields in the l + jets channel.

Ht, H  with H  tt̄ → bb̄ Phys. Lett. B 849 (2024) 138469

https://www.sciencedirect.com/science/article/pii/S0370269324000285/pdf
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• Yields in the dilepton channel.

Ht, H  with H  tt̄ → bb̄ Phys. Lett. B 849 (2024) 138469

https://www.sciencedirect.com/science/article/pii/S0370269324000285/pdf
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• Sources of uncertainty on  and α κ′￼t

Ht, H  with H  tt̄ → bb̄ Phys. Lett. B 849 (2024) 138469

https://www.sciencedirect.com/science/article/pii/S0370269324000285/pdf
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• Acoplanarity distribution in the "high" sensitivity signal regions.

H → ττ̄ Eur. Phys. J. C 83 (2023) 563

https://link.springer.com/article/10.1140/epjc/s10052-023-11583-y
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• Branching fractions and selection 
criteria.

H → ττ̄ Eur. Phys. J. C 83 (2023) 563

https://link.springer.com/article/10.1140/epjc/s10052-023-11583-y
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• Sources of uncertainty on α

H → ττ̄ Eur. Phys. J. C 83 (2023) 563

https://link.springer.com/article/10.1140/epjc/s10052-023-11583-y

