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Higgs turns (more than) ten
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About 10 years ago, we published the first set of results 
on Higgs CP studies with the 7/8TeV collision data 

Phys. Rev. Lett. 110 (2013) 081803 Phys. Lett. B 726 (2013) 120

https://doi.org/10.1103/PhysRevLett.110.081803
https://doi.org/10.1016/j.physletb.2013.08.026
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qMotivation from cosmology:
qCP-violation is an essential ingredient to understand of the 

matter anti-matter asymmetry in the Universe
qOne may interpret the baryogenesis as being induced by the CP-

violating effect in the Higgs sector (see for e.g.,arXiv:2311.06949)

qMotivation from theory:
BSM theories, such as 2HDM, contain Higgs CP violation
q2HDM :  T. D. Lee, Phys. Rev. D 8, 1226 (1973)

J. F. Gunion and H. E. Haber, Phys. Rev. D 72, 095002 (2005)
I. Low, N. R. Shah and X. Wang, Phys. Rev. D 105, 035009 (2022)

qMSSM : Bing Li and Carlos E. M. Wagner Phys. Rev. D 91, 095019 (2015)

Motivations to search for Higgs CP violation

https://arxiv.org/abs/2311.06949
https://doi.org/10.1103/PhysRevD.8.1226
https://doi.org/10.1103/PhysRevD.72.095002
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.035009
https://doi.org/10.1103/PhysRevD.91.095019
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from PDG tables

qData still allow BSM Higgs couplings
qCP mixing is not forbidden

https://pdg.lbl.gov/2023/tables/contents_tables.html


Higgs turns (more than) ten
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Now we are able to study detailed structures on 
the Higgs couplings (not only the process rates)

ATLAS: Nature 607, pages 52-59 (2022)
CMS:     Nature 607 (2022) 60

https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04892-x


Higgs 2023 711/29/23

CP structure in H decays to τ-leptons

ATLAS: Eur. Phys. J. C 83 (2023) 563
CMS:  JHEP 06 (2022) 012

The cross section is modulated by the angular of 
two tau decay planes in the Higgs rest frame and 
the CP mixing angle ɸτ

https://doi.org/10.1140/epjc/s10052-023-11583-y
https://doi.org/10.1007/JHEP06%282022%29012
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Impact parameter method Neutral pion + IP method

Reconstruction of τ-decay planes

(Polarimetric vector method for 𝑎!
"#$𝑎!

"#$)
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q Data with background subtracted are compared with pure 
CP-even and pure CP-odd assumptions.

q Pure CP-odd is strongly disfavor but there is still room for 
CP mixing in data.

CP structure in H decays to τ-leptons

ɸτ = 9±𝟏𝟔。 𝛼 Hττ = -1±𝟏𝟗。



CP structures in Higgs-top interactions
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ATLAS Hγγ : Phys. Rev. Lett. 125 (2020) 061802

p Events are classified into leptonic and
hadronic events and categorized according 
to bkg rejection and CP BDTs

p Signal extraction from the m𝛾𝛾 spectrum

CP structures in ttH+tH(Hγγ )  

https://arxiv.org/abs/2004.04545


CP structures in ttH+tH(Hγγ)  
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p Data with background subtracted are compared with CP-even
and CP-odd signals in three categories
p categorization based on events’ CP BDT ranges

p CP mixing angle |𝛼|<43!@95% CL
ATLAS Hγγ : Phys. Rev. Lett. 125 (2020) 061802

https://arxiv.org/abs/2004.04545


CP structures in ttH+tH(Hbb)
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ATLAS Hbb arxiv:2303.05974 (submitted to JHEP)

p Dedicated CP sensitive variables defined with top quark kinematics
p b4 for di-lepton, b2 for lepton+jets, 

BDT for boosted lepton+jets

https://arxiv.org/abs/2303.05974


Higgs 2023 1411/29/23

ATLAS Hbb arxiv:2303.05974 (submitted to JHEP)

q Fit with κt' and α as free parameters in 
all analysis regions

q The middle panel above compares 
best-fit with bkg

q Likelihood scan indicates mixing angle
α = 𝟏𝟏!!𝟕𝟑

$𝟓𝟐

CP structures in ttH+tH(Hbb)

https://arxiv.org/abs/2303.05974
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CMS Hbb : PAS HIG-19-011

q Events are categorized as single-lepton, di-lepton, and full hadronic
q For each category, 

ANNs separate different signal or background processes. 
q The signal is extracted in a simultaneous likelihood fit of the 

discriminating observable or of the event yield

CP structures in ttH+tH(Hbb)

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/index.html


CP structures in ttH+tH(Hbb)  
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CMS Hbb : PAS HIG-19-011

q Best fit at (+0.53, 0.00) from likelihood ratio as a function of κt and !κt, 
with κV fixed at 1

q CP fraction fCP is compatible with zero

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/index.html


CP structures in ttH+tH(multi-lepton)  
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CMS multi-lepton : JHEP 07 (2023) 092

pEvents are categorized as 2𝑙𝑆𝑆 + 0/1τ' and 3𝑙 + 0/1τ'
pMulti-output ANN to separate and classify signal and 

background processes
p For each category, BDT is trained to separate CP-even/odd

https://doi.org/10.1007/JHEP07%282023%29092


CP structures in ttH+tH(Hγγ)  
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CMS Hγγ : Phys. Rev. Lett. 125 (2020) 061801

p Events are categorized according to 
p BDT to separate signal/background
p D0- is trained to separate CP-even/odd

p Fit mγγ in all categories defined by BDT-bkg
and D0- simultaneously

http://dx.doi.org/10.1103/PhysRevLett.125.061801


CP structures in ttH+tH(HZZ)  
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CMS HZZ4l : Phys. Rev. D 104 (2021) 052004

p MELA discriminants Dbkg and D0-
to separate sig/bkg and CP-even/odd

p 𝑓()*++ is weakly constrained by H-to-4l

http://dx.doi.org/10.1103/PhysRevD.104.052004
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CP structures in ttH+tH

CMS γγ:  Phys.Rev. Lett. 125 (2020) 061801
CMS ZZ: Phys. Rev. D 104 (2021) 052004 |𝑓!"#$$| = 0.28 (<0.55 at 1𝜎)

http://dx.doi.org/10.1103/PhysRevLett.125.061801
https://doi.org/10.1103/PhysRevD.104.052004
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CP structures in Higgs-gauge boson

pHiggs-VV couplings measured based on 
the Effective Field Theory approach

pCP structure is explored with the Optimal 
Observable (OO)

Three independent dim-6 
operators for CP-odd in SMEFT
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CP structures in Higgs-gauge boson

q Amplitude of HVV(ZZ, WW, Z𝛾, 𝛾𝛾 and gg) are 
parameterized as

a1 SM-like, a3 CP-odd
q Build matrix-element based discriminants to 

tag different anomalous couplings 

CP-odd

CMS: Phys. Rev. D 104, 052004 (2021)

https://doi.org/10.1103/PhysRevD.104.052004
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CP structures in VBF(Hγγ)

q Two BDTs are used to separate sig/bkg and VBF/ggH
q Four regions are defined based on two BDTs (TT,TL,LT, LL)
q Extract signals from simultaneous fit to the m𝛾𝛾 spectra in all OO bin
q 𝐶* ,- is determined from CP violation contribution

ATLAS  VBFγγ: Phys. Rev. Lett. 131 (2023) 061802

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802
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CP structures in HVV(Higgs-to-4l)

Production OOjj
Decay OO4l

ATLAS  Higgs-to-4l:  arXiv:2304.09612 (submitted to JHEP)

https://doi.org/10.48550/arXiv.2304.09612
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Seven coefficients (3 for Warsaw basis, 3 for Higgs basis, 
1 for simple parametrization) are constrained.

CP structures in HVV(Higgs-to-4l)

ATLAS  Higgs-to-4l (submitted to JHEP)
CMS: Phys. Rev. D 104, 052004 (2021)

https://doi.org/10.48550/arXiv.2304.09612
https://doi.org/10.1103/PhysRevD.104.052004
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CP structures from differential measurements

q Differential observables related to Higgs production/decay 
can be used probe CP structures

q Binned cross section based on STXS have sensitivity to 
CP-odd EFT coefficients

ATLAS H𝛾𝛾
JHEP 08 (2022) 027

ATLAS H4l
Eur. Phys. J. C 80 (2020) 957

https://doi.org/10.1007/JHEP08%282022%29027
https://doi.org/10.1140/epjc/s10052-020-8227-9
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CP structures from differential measurements

Eur. Phys. J. C 80 (2020) 957

JHEP 08 (2022) 027

ATLAS HWW
Phys. Rev. D 108, 072003 (2023)

ATLAS H𝛾𝛾

ATLAS H4l

https://doi.org/10.1140/epjc/s10052-020-8227-9
https://doi.org/10.1007/JHEP08%282022%29027
https://doi.org/10.1103/PhysRevD.108.072003
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CP structures in VBF (H𝜏+𝜏-)

CMS: Phys. Rev. D 108 (2023) 032013

q Three MELA discriminants are used 
q 𝐷"#$%&'( to tag VBF production
q 𝐷)* to separate SM HVV with pure CP HVV
q 𝐷+,&'( sensitive to the interference between the CP-odd and CP-even

(asymmetric distribution for pure CP events)

https://doi.org/10.1103/PhysRevD.108.032013
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CP structures in ggH (H𝜏+𝜏-)

Higgs-gluon anomalous couplings are constrained 
by measuring ggH production

q Three MELA discriminants are used 
q 𝐷"#$%&'( separate ggH from VBF
q 𝐷)*

--. separate SM ggH with pure CP odd ggH
q 𝐷+,

--. sensitive to the interference between the CP-odd and CP-even
(asymmetric distribution for pure CP events)

CMS: Phys. Rev. D 108 (2023) 032013

https://doi.org/10.1103/PhysRevD.108.032013
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CMS: Phys. Rev. D 108 (2023) 032013

CP structure in ggH, HVV (H4l+ Hτ+τ-)

CP-even :

CP-odd  :

H4l+ Hτ+τ- are combined to constrain 
Higgs-gluon/HVV interactions
q CP-odd Higgs-gluon interaction �̃�"" is 

consistent with zero
q Two approaches to interpret CP mixing in 

Higgs-VV interactions
q Approach-1 𝑎#$$ = 𝑎#%%
q Approach-2 𝑎#$$ = 𝑐𝑜𝑠&(𝜃')𝑎#%%

https://doi.org/10.1103/PhysRevD.108.032013


CP structure from off-shell measurement
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Fig. from https://cms.cern/news/life-higgs-boson
CMS: Nat. Phys. 18 (2022) 1329

q Off-shell cross section is sensitivity to BSM 
effect, and can be used to constrain anomalous 
CP-odd HZZ couplings

https://cms.cern/news/life-higgs-boson
http://dx.doi.org/10.1038/s41567-022-01682-0
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Summary

The CP structure of the Higgs boson is studied in different 
Higgs production and decay final states with Run-2 data

p Pure CP-odd is excluded for Higgs-𝜏 and Higgs-top interactions. 
CP-mixing in the Higgs-fermion interaction is constrained.

p Anomalous coupling/SMEFT coefficient studies set up constraint 
on CP structures in Higgs-to-gauge boson interactions

No significant CPV in Higgs interaction have been observed. 
But the possibility of CP-mixing Higgs interactions is still 
allowed by the data. 



Backup
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Impact parameter method
(Polarimetric vector method for 𝑎!

"#$𝑎!
"#$)

Neutral-pion method Combined method

Reconstruction of τ-decay planes
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CP structure in H decays to τ-leptons

ɸτ = 9±16。 𝛼 Hττ = -1±19。



CP structures in ttH+tH(Hγγ )  
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ATLAS Hγγ : Phys. Rev. Lett. 125 (2020) 061802

p Events are classified into leptonic events (at least one top 
decay leptonically) and hadronic events 

p BDTs are trained for sig/bkg (bkg rejection BDT) and 
CP-even/odd separation (CP BDT)

https://doi.org/10.1103/PhysRevLett.125.061802


CP structures in ttH+tH (Hbb)
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ATLAS Hbb arxiv:2303.05974

https://arxiv.org/abs/2303.05974
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CP structures in ttH+tH(multi-lepton)  

CMS multi-lepton : JHEP 07 (2023) 092

https://doi.org/10.1007/JHEP07%282023%29092
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CP structures in VBF(Hγγ)

ATLAS  VBFγγ: Phys. Rev. Lett. 131 (2023) 061802

q Two BDTs are used to separate sig/bkg and VBF/ggH
q Four regions are defined based on two BDTs

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802
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CP structure in HVV

ATLAS HWW
Phys. Rev. D 108, 072003 (2023)

https://doi.org/10.1103/PhysRevD.108.072003
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CP structure in HVV

CMS: Phys. Rev. D 104, 052004 (2021)

https://doi.org/10.1103/PhysRevD.104.052004
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CP structure in HVV+ Hτ+τ-

CMS: Phys. Rev. D 108 (2023) 032013

4l+ττ

https://doi.org/10.1103/PhysRevD.108.032013
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CP structure in HVV+ Hτ+τ-

CMS: Phys. Rev. D 108 (2023) 032013

https://doi.org/10.1103/PhysRevD.108.032013


CP structure in off-shell HVV
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CMS: Nat. Phys. 18 (2022) 1329

http://dx.doi.org/10.1038/s41567-022-01682-0

