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Introduction: Run 2 achievements

1

Nature 607, 52-59 (2022) Nature 607, 60-68 (2022)

Higgs couplings agree with SM over 3 orders of magnitude in mass !

Å The Higgs boson couplings have been measured by ATLAS and CMS experiments

- Generally agree with the SM predictions

- Precision: ~5% vector bosons (W,Z), ~7-12% heavier fermions (t, b, t) and ~20% m

- Still room for new physics
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Introduction: CP violation in the Higgs sector? 

2

Å The Higgs boson couplings have been measured by ATLAS and CMS experiments

- Generally agree with the SM predictions

- Precision: ~5% vector bosons (W,Z), ~7-12% heavier fermions (t, b, t) and ~20% m

- Still room for new physics

Å In the SM, the Higgs boson is predicted as CP-even

Å Exploring CP-odd contributions in the Higgs sector

- Pure CP-odd Higgs boson already ruled out during Run 1 

- Mixture of CP-even and CP-odd still allowed Ą New sources of CP violation ?

- Check all couplings individually - Yukawa and gauge couplings can have different structure

CP-odd contributions

- HVV:  suppressed with a 1/L2

- Hff: at tree-level

How to look for CPV in the Higgs sector?

Å Rate measurementsĄ can not distinguish CP-even / CP-odd

Å Measure shape effects on CP-sensitive observables: 

angles, optimal observables, matrix elements, and others

Studied in production and/or decay
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CP parametrisations to probe HVV, Hgg and Hff couplings

3

Anomalous couplings :

Effective Lagrangians :



Å CP-mixing anglea
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CP parameters measured

4

Å Ratios of cross-sections:

Å dĕparameter

Parameters

just some examples

Å SMEFT coefficients

Pure CPV effects appear

only in interference terms

BSM affecting only rates

Pure CP-odd, causing shape changes to 

CP sensitive observables only
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LHC Run2 results testing the CP nature of the Higgs boson

Coupling ATLAS CMS

HVV HĄ4l (all prod. modes), full Run2

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

VBF with HĄtt, 36 fb-1, using OO

Phys. Lett. B 805 (2020) 135426

VBF with HĄgg, full Run2, using OO

Phys. Rev. Lett. 131 (2023) 061802 NEW

VBF with HĄZZ*Ą4ǎ, full Run2, using OO

arXiv:2304.09612 NEW

VBF with HĄWW*, full Run2, using signed Dꜚ jj

arXiv:2304.03053 NEW

HĄtt, 36 fb-1, using MELA disc.

PRD100,112002(2019)

HĄ4l (all prod. modes), combined with HĄgg, full Run2

Phys. Rev. D 104 (2021) 052004

HĄtt(also combined with HĄ4l+yy), full Run2 

Phys. Rev. D 108 (2023) 032013 NEW

Off-shell studies with HĄZZĄ4l+2l2n, full Run2

Nature Phys. 18(2022)1329 NEW

Hgg HĄ4l (all prod. modes), full Run2

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

ggH+2j with HĄWW*Ąe’ɛ’, 36 fb-1, signed Dꜚ jj

Eur. Phys. J. C 82 (2022) 622

HĄ4l (all prod. modes), combined with HĄgg, full Run2

Phys. Rev. D 104 (2021) 052004

HĄtt(also combined with HĄ4l+yy), full Run2 

Pure CP-odd coupling excluded with 2.4s

Phys. Rev. D 108 (2023) 032013 NEW

Htt HĄtt(all prod. modes), full Run2, using CꜚP 

Pure CP-odd coupling excluded >3s;a=9Ñ16º

Eur. Phys. J. C 83 (2023) 563 NEW

HĄtt, full Run2, using CꜚP 

Pure CP-odd coupling excluded >3s;a=-1Ñ19º

JHEP 06 (2022) 012

Htt ttH with HĄgg, full Run2

Pure CP-odd coupling excluded >3s; |a|<43º @95%CL

PRL125,061802(2020)

HĄ4l (all prod. modes), full Run2

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

ttH with HĄbb, full Run2

arXiv:2303.05974 NEW

ttH with HĄgg, full Run2, using MELA disc. 

Pure CP-odd coupling excluded >3s;|a|<55º @95%CL

PRL125,061801(2020)

HĄ4l (all prod. modes), combined with HĄgg, full Run2

Phys. Rev. D 104 (2021) 052004

HĄtt(also combined with HĄ4l+yy), full Run2 

Phys. Rev. D 108 (2023) 032013 NEW

ttH with HĄML

JHEP 07 (2023) 092 NEW

ttH with HĄbb

CMS-PAS-HIG-19-011 NEW
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HVV coupling: VBF HĄWW* (ATLAS)
arXiv:2304.03053

6

Å leptonic W decays (trigger), select 1 DF OS pair

Å 2 BDTs to enhance S/B: select VBF, reject top+VV

- exploit VBF topology using mjj and ȹyjj

- bin SRs in both classifier outputs

- independent ggF CR using third BDT

Å profile LH to unfold data to particle-level for 13 observables, among whichñsigned ȹὲjjò is sensitive to CP

Å measure 3 CP-odd operators: cHBĕ, cHWĕB and cHWĕ (Warsaw basis)

- no deviation wrt. SM found

ȹὲjj
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HVV coupling: VBF HĄgg(ATLAS)
Phys. Rev. Lett. 131 (2023) 061802

Å CP-admixture in HVV couplings probed using

matrix element-based optimal observables (OO)

- calculated event-by-event in HAWK using reco. jets and Higgs decay products

- captures full phase space information, independent of decay mode

- symmetric and centered at zero in SM, while asymmetric in case of CP violation

7

Selection and strategy

Å 2 tight identified & isolated photons + 2 jets with |ɖjj| > 2

Å Train 2 BDTs to separate VBF/ggF and VBF/continuum 

background (gg, gj and jj)

Å Define 3 SRs (TT, LT, TL) with plane of both BDT scores 
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HVV coupling: VBF HĄgg(ATLAS)
Phys. Rev. Lett. 131 (2023) 061802

ÅSignal extracted by combined maximum LH fit of the mggspectrum

in each OO bin (6 bins per SR Ą 18 bins)

ÅCP sensitivity using the shape of the observable (VBF 

normalisation free floated in the fit)

Å Derive constraints for dĕand 1 CP-odd op. cHWĕ (Warsaw basis)

(dĕcombined with HĄtt)

Å Results compatible with SM; limited by data statistics

only interference term

uses interference + quad. terms

8

most stringent constraints
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HVV coupling: VBF HĄZZ*Ą4ǎ(ATLAS)
arXiv:2304.09612

Å 4 loose identified & isolated leptons (pairing by flavour and mass)

Å Main bkg.: VV

Å Define two OOs to probe CP-odd component: for production (VBF enriched) and for decay (inclusive)

Å 3-class NN trained to enhance the VBF purityĄ 4 VBF SRs defined with NN output

9

DecayOO4lProduction OOjj

OOs are constructed using matrix-elements calculated from: 

- the 4-momentum of the reconstructed Higgs candidate and the two leading jets (for production)

- the 4-momenta of the four decay leptons (in case of decay)
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HVV coupling: VBF HĄZZ*Ą4ǎ(ATLAS)
arXiv:2304.09612

Å Maximum LH fit performed for 3 CP-odd couplings in Warsaw and Higgs basis, and for dĕ

ÅDifferent CP-odd hypothesis are testedĄ 3 types of fits:

- Production Ÿ CR(ZZ, VBF-dep)+SR(VBF1-4) 

- Decay Ÿ CR(ZZ)+SR(inclusive) 

- Combined Ÿ CR(ZZ)+SR(VBF-dep, VBF1-4)

Å Coupling parameters are scanned individually and in 2D

10

Å Results competitive with

HĄtt/gg,STXS and CMS

decay

decay

prod+decay
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HVV coupling from on- and off-shell events with ZZ (CMS)

Å Off-shell production rate in SM: ~10% of total cross-section

Å Recently, both ATLAS and CMS have reported first

evidence of off-shell Higgs production in ZZ channel

Å CP-odd contributionsĄ distinct kinematics in off-shell region

Å More significant in VBF production mode

Å HĄZZ*Ą4l events used to study several AC, including fa3 , 

using matrix elements discriminants on-shell
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HVV coupling from off-shell events with ZZĄ4l+2l2n(CMS)

Stringest CP violation test using off-shell data

on-shell
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Off-shell events bring

~10-50% improvement on limits !
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Phys. Rev. D 108 (2023) 032013

13

HVV coupling in VBF/ggH/VH with HĄtt(CMS)

Å Using 4 most sensitivettfinal states: thadthad, ethad, mthad and em

Å CP only studied in ggH and VBF+VH production

(assuming SM kinematics in Higgs decay)

Å Use NN to separate S/B and matrix elements as CP-sensitive disc.

- complementary measurement usingñsigned ȹὲjjò

Å Similar strategy as in HĄZZ*Ą4l analysis, but larger stats. thanks to BR

fa3 < 1·10-5

Å Combination with limits from previous

HĄZZ*Ą4l results: improvement up to 40%
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Hgg and Htt in VBF/ggH/VH with HĄtt(CMS)

Phys. Rev. D 108 (2023) 032013

14

Pure CP-odd Hgg coupling excluded with 2.4s

most stringent constraints in Hgg

Hgg
Å Compatible limits between MELA and ȹz jj

Å Significant improvement in sensitivity using

MELA

Å Combination with HĄZZ* and HĄggresults: 

improvement ~30%
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Httcoupling: HĄtt(ATLAS)

Eur. Phys. J. C 83 (2023) 563
The CP-mixing angle is parametrized to be sensitive to the angle between

the two tau planes from the Higgs boson in the Higgs boson CM frame (‰CP): 

DNN used to identify 5 classes of thad decays

- necessary to reconstruct spin-sensitive observables

15
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Httcoupling: HĄtt(ATLAS)

Eur. Phys. J. C 83 (2023) 563
Å Use tlepthad and thadthad final states, 

2 VBF-enriched (with BDTs) and 2 ggH-enriched regions (cut-based)

Å SRs and Z CR defined by mtt
MMC

Å Define high, medium, low regions depending

on properties of decay products

Å Generate different CP-mixed templates using TauSpinner

Å Maximum LH fit performed for all regions to extract:

Å Statistically limited, main systematic uncertainties from jets

16

†ʟ= 9±16º (0±28º exp.) 

Pure HttCP-odd excluded @ 3.4s quite similar to CMS results
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Htt coupling: ttH using several decay modes (CMS)

Å Results exploring ttH with HĄgg, HĄmultilepton (WW* and tt: 2lSS+0t, 2lSS+1t, 3l+0t) and HĄbb decays

Å MVAs used to separate CP-even/odd states

17

Pure CP-odd disfavoured at 1.2s

JHEP 07 (2023) 092 

|fCP
Htt|< 0.55 at 68%CL

Pure Htt CP-odd coupling excluded @ 3.7s
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Htt coupling: ttH with HĄbb (ATLAS)

arXiv:2303.05974arXiv:2303.05974

Å Explore 1Љ+jets (also boosted region) and 2Љchannels with 4b in final state

Å Main bkgs.: tt+bb

Å Train MVAs to reconstruct Higgs/top from jets and to categorize events

Å Define CP-sensitive observables per region:

- dedicated CP-observables for 1Љ(resolved) and 2Љdefined with

top quark kinematic information: b2 and b4

- ȹɖǎǎin 2Љ
- BDT for boosted region for CP-even/odd separation

Å Extract mixing angle tꜚ (a) and ət

Å Results limited by syst. unc. 

a= 11+52º
-73º

18

Pure Htt CP-odd disfavoured at 1.2s



- Understanding the Higgs bosonôsCP properties is a crucial aspect in particle physics today

- ATLAS and CMS have looked for BSM contributions and set limits on CP anomalous couplings

in the Higgs boson interactions with vector bosons (HVV), gluons (Hgg), and fermions (Hff)

- Results are limited by statistical unc., and consistent with SM so far

- Purely CP-odd fermionic and bosonic Higgs couplings already excluded, but admixtures still

possible

- Need to keep exploring CP violation in Higgs couplings

- A huge improvement is expected with more data from upcoming future LHC runsJ

- For the moment, neglecting effect of operators on backgrounds...
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Summary

Discussions between theorists and 

experimentalists are very much appreciated !

19
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THANKS FOR YOUR ATTENTION

maria.moreno.llacer@cern.ch
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Indirect probes from EDMs

21

Aleks Smolkovic @ TOP2022
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Htt coupling: ttH with HĄbb (ATLAS)
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Substructure of hadronict-lepton decays
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ATL-PHYS-PUB-2022-044



07/06/21 María Moreno Llácer - Higgs CP studies at ATLAS+CMS 25

Httcoupling structure: methodology

CP discriminant: CꜚP

(angle between thet decay planes in the Higgs rest frame)

Ą The mixing angle tꜚtcan be extracted by fitting this function:

†l �:�� l

G
’’(35%)

†h �:��“

G
’(12%)

�:��”

G
’�:��“


G
“0’(26%)

�:��ὥ1


G
’�:��“


G
“0“0’(10%) 

�:��ὥ1


G
’�:��“


G
”0’�:��“


G
“


G
“

�Ø
’(10%)

Impact parameter method: define planes using charged particle direction and its IP vector

Neutral pion method

Impact parameter method used for both taus (left),

“0 method used for both taus (right)

Event reconstruction:
Dedicated algorithms and MVAs to reconstructth and distinguish its decay mode

Several channels (�����Œ,�î,a1
1pr,a1

3pr)×(�Œ���î, a1
1pr,a1

3pr)

t planes canôtbe reconstructed exactlyĄ use approximations

IP

IP


