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CP violation and the Higgs boson
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● Only known source of CP violation occurs in 
CKM matrix → insufficient to explain baryon 
asymmetry in the Universe

● SM Higgs is predicted to be CP-even
○ While CP-odd-only couplings have strongly excluded by 

ATLAS and CMS, CP-even/odd mixing has not
● Recent ATLAS measurements studying Higgs 

CP properties using 139 fb−1 at √s = 13 TeV:
○ VBF, H→𝛾𝛾: PRL 131 (2023) 061802
○ H→ZZ*→4𝓁: JHEP 05 (2024) 105
○ VBF, H→WW*→e𝜈𝜇𝜈: PRD 108 (2023) 072003
○ H→𝜏𝜏: EPJC 83 (2023) 563
○ ttH+tH, H→bb: PLB 849 (2024) 138469

Nature 607 (2022) 52

Let’s review them!

https://doi.org/10.1103/PhysRevLett.131.061802
https://doi.org/10.1007/JHEP05(2024)105
https://doi.org/10.1103/PhysRevD.108.072003
https://doi.org/10.1140/epjc/s10052-023-11583-y
https://doi.org/10.1016/j.physletb.2024.138469
https://doi.org/10.1038/s41586-022-04893-w


Higgs production and decay diagrams
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ttH and tH
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production (VH)

Vector boson 
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Gluon-gluon 
fusion (ggF)
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Decays to photons, 
vector bosons, and 
fermions

https://doi.org/10.1016/j.physletb.2024.138469
https://doi.org/10.1007/JHEP08(2016)045


CP-odd models and signal morphing

● Higgs→bosons measurements: add dim-6 CP-odd operators in an effective 
field theory to the SM Lagrangian and measure their couplings c (= 0 in SM):

○ Effect on Higgs signal introduced via reweighting using MadGraph+SMEFTsim for a particular 
choice of operator basis (e.g., Warsaw, Higgs, HISZ, …) and morphing using couplings c

● Higgs→fermions measurements: CP-odd mixing may occur in Yukawa 
couplings at tree level and can be introduced via an effective term:

○ Higgs signal can be morphed between different scenarios by tuning Yukawa coupling 𝜅 (= 1 in 
SM) and CP mixing angle 𝜙 (= 0 in SM)
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CP-even
CP-odd
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https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP04(2021)073
https://doi.org/10.1007/JHEP10(2010)085
https://arxiv.org/abs/1610.07922
https://doi.org/10.1103/PhysRevD.48.2182


CP-sensitive observables

● CP properties of the Higgs are extracted via fits to 
CP-sensitive observables

○ CP mixing leads to asymmetric distributions in sensitive 
observables (as opposed to symmetric in SM)

● Optimal Observable (OO) is one such observable:

○ By construction, it is CP-odd
○ Shape is insensitive to the inclusion of terms quadratic in 

couplings c → probes genuine CP-violating effects
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https://doi.org/10.1007/JHEP05(2024)105


VBF, H→𝛾𝛾

● Use boosted decision trees 
(BDTs) to separate VBF from ggF 
and then VBF from continuum 𝛾𝛾 
background

○ Use CP-even dijet and diphoton 
variables as inputs to both BDTs

○ Specifically targets the VBF 
production vertex

● Events are split into signal regions 
(SRs) using BDT scores and 
further split according to OO

○ Calculated from 4-momenta of Higgs 
candidate and dijet system
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PRL 131 (2023) 061802

https://doi.org/10.1103/PhysRevLett.131.061802


VBF, H→𝛾𝛾
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● Unbinned fit to 𝛾𝛾 invariant mass spectrum 
performed in each OO bin

○ Signal normalization is floated by an additional 
parameter → only shape in OO is exploited

● Consider scenarios with CP-odd 
modifications to Higgs-boson couplings:

○ d~ in [−0.034; 0.071] @ 95% CL (HISZ basis)
○ cHW~ in [−0.55, 1.07] @ 95% CL (Warsaw basis)

● Results are compatible with the SM 
expectation: no CP violation is observed

https://doi.org/10.1103/PhysRevLett.131.061802


H→ZZ*→4𝓁

● Consider 4e, 4𝜇, and 2e2𝜇 final 
states

○ SRs constructed according to 
4-lepton invariant mass, jet 
multiplicity, dijet invariant mass, 
and VBF deep neural network 
(DNN) score (4 bins)

● Construct an OO for each 
dim-6 CP-odd operator

○ Consider Warsaw, Higgs, and 
HISZ basis operators affecting 
Higgs-boson couplings

○ Build OOs for production-only 
(VBF+VH), decay-only (ggF, VBF, 
VH, ttH, …), and combined effects
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https://doi.org/10.1007/JHEP05(2024)105


● Perform simultaneous fit to OO distributions, considering only OO shape in each region
● Also unfold OOs to particle level → sensitive to BSM effects on both shape and rate
● Couplings results and differential measurements indicate no CP asymmetry

H→ZZ*→4𝓁
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(Figure cropped to 
show only CP-odd 
couplings)

VBF, H→WW*→e𝜈𝜇𝜈
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● Employ a combination of BDTs targeting 
VBF, ggF, and top+VV production to produce 
regions enriched in VBF

○ Detector-level signal in different variables extracted 
via multi-bin fit and unfolded to particle level

● Signed dijet azimuthal separation Δ𝜙jj is 
sensitive to CP-odd effects

○ Consider effects on production+decay from dim-6 
CP-odd operators to unfolded Δ𝜙jj

● Constraints measured for several effective 
Higgs-boson couplings (cHW~, cHB~, and 
cHWB~) → no CP violation observed

https://doi.org/10.1103/PhysRevD.108.072003


● Consider semileptonic (𝜏lep𝜏had) and 
hadronic (𝜏had𝜏had) decay channels

○ 𝜏had decays are then subdivided according 
to number of charged and neutral pions

● SRs defined using tau and jet 
kinematics and VBF BDT score

○ Lepton impact parameters and tau spin 
analyzing functions split SRs into regions 
of different sensitivity

● Signed acoplanarity angle 𝜙*CP 
between the tau decay planes 
sensitive to CP mixing angle 𝜙𝜏

11Matthew Basso (TRIUMF/SFU)

H→𝜏𝜏
E

P
JC

 83 (2023) 563
H→𝜏+𝜏+→𝜋+𝜋−𝜈𝜈
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H→𝜏𝜏
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● Simultaneous fit floats tau Yukawa coupling 𝜇𝜏 → only shape in 𝜙*CP is used 
in discerning CP-odd effects

● Observe 𝜙𝜏 = 9 ± 16° @ 68% CL → exclude pure CP-odd scenario (𝜙𝜏 = 90°) 
at 3.4𝜎 level

https://doi.org/10.1140/epjc/s10052-023-11583-y


ttH+tH, H→bb

● Analysis split into 𝓁+jets and dilepton categories
○ Further subdivided according to the number of jets, number of 

b-jets, and boosted signatures
● BDTs trained for various purposes:

○ Reconstruction: assigns jets from Higgs or top quark decays
○ Classification: separates ttH from background

● CP sensitive observables:

○ p1/2 ≔ top quark momenta, z ≔ beam axis
○ Assumes knowledge of neutrino 4-momenta to reconstruct 

p1/2 → using neutrino weighting for dilepton events
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https://doi.org/10.1016/j.physletb.2024.138469


ttH+tH, H→bb

● Destructive interference between diagrams 
with H-t and H-W couplings leads to small tH 
signal → analysis optimized for ttH

○ Couplings separately treated in the CP-even/odd 
parameterization and lead to sizable modifications to 
the tH:ttH cross section ratio

● H-t Yukawa coupling 𝜅t also floats in fit
○ Only shape is exploited

● Observed value of CP mixing angle:
○ Exclude pure CP-odd scenario (𝛼 = 90°) at

1.2𝜎 level
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PLB 849 (2024) 138469

https://doi.org/10.1016/j.physletb.2024.138469


Summary

● Presented ATLAS’s recent measurement 
program studying the CP structure of the 
Higgs

○ Observed results are consistent with a CP-even 
Higgs → no CP-violation has been observed

● For nearly all of the measurements 
described, the precision is limited by the 
availability of data → LHC Run 3 data 
will improve the study of CP-violating 
effects in the Higgs sector

○ Going from Run 2 → Run 2+3 will improve the 
statistical precision by √3 ~ 1.7×

○ ttH+tH, H→bb measurement limited by systematic 
uncertainties
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Source

Also see C. Young’s talk tomorrow on the latest 
measurements of H→𝜏𝜏 properties using ATLAS, 
including new CP studies of those properties!

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun3
https://indico.cern.ch/event/1291157/contributions/5876714/


Thank you for listening!
Questions?
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Source: ATLAS-CONF-2019-025
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-025/


Backup
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Source: HIGG-2021-20
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VBF, H→𝛾𝛾: miscellaneous
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𝛾𝛾 invariant 
mass spectrum 
among all signal 
regions

PRL 131 (2023) 061802

https://doi.org/10.1103/PhysRevLett.131.061802


H→ZZ*→4𝓁: composition and post-fit yields
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JHEP 05 (2024) 105

https://doi.org/10.1007/JHEP05(2024)105


H→ZZ*→4𝓁: fiducial space space
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JHEP 05 (2024) 105

https://doi.org/10.1007/JHEP05(2024)105


H→ZZ*→4𝓁: constraints on
dim-6 operators
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Only one Wilson coefficient c is floated at time
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https://doi.org/10.1007/JHEP05(2024)105


VBF, H→WW*→e𝜈𝜇𝜈: regions and post-fit yields
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PRD 108 (2023) 072003
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https://doi.org/10.1103/PhysRevD.108.072003


VBF, H→WW*→e𝜈𝜇𝜈: fiducial phase space and observed 
uncertainties

23Matthew Basso (TRIUMF/SFU)
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VBF, H→WW*→e𝜈𝜇𝜈: observed limits on dim-6 couplings
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PRD 108 (2023) 072003
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H→𝜏𝜏: SR selections and
sensitivity categorization
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EPJC 83 (2023) 563

MMC ≔ missing mass calculator

https://doi.org/10.1140/epjc/s10052-023-11583-y
https://doi.org/10.1016/j.nima.2011.07.009


H→𝜏𝜏: post-fit results

26Matthew Basso (TRIUMF/SFU)

EPJC 83 (2023) 563

https://doi.org/10.1140/epjc/s10052-023-11583-y


H→𝜏𝜏: observed uncertainties
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ttH+tH, H→bb: region definitions and observables
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CP-sensitive 
observables

Training regions 
(TRs) broadly 
contain signal 
and are used to 
train multivariate 
algorithms 
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ttH+tH, H→bb: post-fit yields
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ttH+tH, H→bb: observed uncertainties
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