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CP Violation in the Higgs Sector?
• CP violating processes are necessary requirement to explain matter-/antimatter (baryon) 

asymmetry in the universe (Sakharov conditions) 

• Direct and indirect CP violation is experimentally well established in the SM: 

• Complex phases in CKM-matrix (quark mixing) and possibly in PNMS-matrix (neutrino mixing) 

• Not sufficient to explain observed baryon asymmetry in the universe 

• Could Higgs boson interactions be another source of CP violation? 

• Pure CP-odd Higgs boson at  has been ruled out during Run 1 

• Mixing of scalar (CP-even) and pseudo-scalar (CP-odd) Higgs bosons in extended Higgs 
sector models (2HDM, …) 

• BSM particles contributing to loops (e.g.  production)

mH ≈ 125 GeV

ggF
2
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Overview
• Higgs CP analyses covered in this talk using Run 2 data: 

•  [Phys. Rev. Lett. 125 (2020) 061802], , probing  

•  [ATLAS-CONF-2022-016], , probing  

•  [arxiv:2109.13808], , probing  

• Previous results by ATLAS (not covered here) 

•  in VBF production [Phys. Lett. B 805 (2020) 135426], , , probing  

•  in VBF production [Eur. Phys. J. C 76 (2016) 658], , , probing  

• , , ( ) [Eur. Phys. J. C 75 (2015) 476], , 
, probing 

ttH( → γγ) ℒint = 139 fb−1 ttH

ttH( → bb) ℒint = 139 fb−1 ttH

pp → jjWW( → eνμν) ℒint = 36.1 fb−1 ggH

H → ττ ℒint = 36.1 fb−1 s = 13 TeV VVH

H → ττ ℒint = 20 fb−1 s = 8 TeV VVH

H → WW → eνμν H → ZZ → 4ℓ H → γγ ℒint = 25 fb−1

s = 7 and 8 TeV VVH
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
http://cdsweb.cern.ch/record/2805772
https://arxiv.org/abs/2109.13808
https://www.sciencedirect.com/science/article/pii/S0370269320302306
https://link.springer.com/article/10.1140/epjc/s10052-016-4499-5
https://link.springer.com/article/10.1140/epjc/s10052-015-3685-1
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• 2 isolated “tight” photons with 
, , at least one 

-tagged jet with  (77% eff. WP) 

• Reconstruction of -quark candidates: 

• Had category: lepton veto, reconstruct 
hadronic -quark decay candidate using 
a BDT: find most-likely 3 jet combination, 
repeat for second hadronic -quark decay 
using remaining jets 

• Lep category: no -quark reconstruction 
in case of . For  build -candidate 
from , combine with jet that 
forms highest top BDT, find second 
hadronic -quark decay with BDT from 
remaining jets

pγ1
T > 35 GeV pγ2

T > 25 GeV b
pT > 25 GeV

t

t

t

t
2ℓ 1ℓ W

ℓ + Emiss
T

t

4

Phys. Rev. Lett. 125 (2020) 061802 
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Selection and  reconstruction follows closely  measurement (Phys. Lett. B 784 (2018) 173)tt̄ ttH( → γγ)

Higgs CP in tt̄H( → γγ)
tt̄H

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://www.sciencedirect.com/science/article/pii/S0370269318305732
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• Dedicated Lep and Had BDTs 
to reject background from 

 and  (using 4-
vectors of ’s, ’s, jets and -tag 
information) 

• Used BDT score to define 20 
signal regions (12 in Had and 8 
in Lep category) 

• CP BDT to separate CP-even 
and CP-odd signal hypothesis 
( ,  of  and -quark systems, 
invariant masses, angular 
differences, )

γγ + jets tt̄γγ
γ ℓ b

pT η γγ t

Emiss
T
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Phys. Rev. Lett. 125 (2020) 061802 

Higgs CP in tt̄H( → γγ)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
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Higgs CP in tt̄H( → γγ)
• Simultaneous maximum likelihood fit in all 

signal regions to constrain CP-mixing angle  
and coupling strength  

• Best fit result:
     

(assuming SM ) 

• Pure CP-odd coupling excluded at  
(  expected) 

•  (  expected) 

• The result is limited by statistical uncertainties

α
κt

μttH = 1.43+0.33
−0.31 (stat.)+0.17

−0.14 (sys.)
BRH→γγ

3.9σ
2.5σ

|α | < 43∘ 56∘
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Phys. Rev. Lett. 125 (2020) 061802 

ℒ = −
mt

v {Ψ̃tκt [cos(α) + i sin(α)γ5] Ψt} H

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
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Higgs CP in tt̄H( → bb̄)
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• Complex final state with 4 -quarks and additional jets and leptons 

• +jets channel: 1 isolated lepton, at least 5 jets and 4 -tagged jets 

• Boosted  production covered in dedicated category: require an  anti-  jet with  and 
 

• Di-lepton channel: 2 (oppositely charged) leptons, at least 3 jets and 3 -tagged jets 

• Define various signal and control regions depending on the number of jets and number of -tagged jets

b

ℓ b

H R = 1.0 kT mjet > 50 GeV
pT > 200 GeV

b

b

PSR = preliminary signal region 
(before BDT selection)

g

g

b

b

q

q

a
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W
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W
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t

ATLAS-CONF-2022-016

tt̄H

http://cdsweb.cern.ch/record/2805772
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Higgs CP in tt̄H( → bb̄)
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• Dedicated BDTs trained for each 
category to assign the jets to  
and -quark candidates 
(permutation with highest score) 

• Additional BDT is used to 
separate signal (SM ) and 
backgrounds 

• In the boosted category a Neural 
Network is used to identify 

 candidates from the 
large  jets 

•  in all SRs for 
CP-even (CP-odd) signal

H
t

ttH

H → bb̄
R

S/B > 8 % (5%)

ATLAS-CONF-2022-016

http://cdsweb.cern.ch/record/2805772
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Higgs CP in tt̄H( → bb̄)
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ATLAS-CONF-2022-016

• Use , boosted BDT score or CP sensitive 
observable distributions in each region for the 
combined fit: 

 

 

•  and  are the 3-momenta of the reconstructed 
-quarks,  is the direction of the beam axis

Δηℓℓ

b2 =
( ⃗p 1 × ̂n) ⋅ ( ⃗p 2 × ̂n)

| ⃗p 1 | | ⃗p 2 |

b4 =
pz

1pz
2

| ⃗p 1 | | ⃗p 2 |

⃗p 1 ⃗p 2
t ̂n

http://cdsweb.cern.ch/record/2805772
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Higgs CP in tt̄H( → bb̄)

10

ℒ = −
mt

v {Ψ̃tκt [cos(α) + i sin(α)γ5] Ψt} H

• Simultaneous maximum likelihood fit in all 
signal and control regions to constrain CP-
mixing angle  and coupling strength  

• Best fit result:  (  
expected) - assuming SM  

• Pure CP-odd coupling disfavoured at  

•  (  expected) 

• Dominant uncertainties from modelling of 
 (NLO matching, PS and 

hadronisation, flavour scheme), 
experimental effects are sub-dominant

α κt

μttH = 0.83+0.30
−0.46 1.0+0.25

−0.27
BRH→bb̄

1.2σ

α = 11+55
−77

∘ 0+49
−50

∘

tt̄ + ≥ 1b

ATLAS-CONF-2022-016

http://cdsweb.cern.ch/record/2805772
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Higgs CP in pp → jjWW( → eνμν)

• Depending on the Higgs production mode the 
 can be used to probe CP violation in  

(either  or BSM particles in the loop) or 
 couplings 

• VBF channel is used to probe -polarisation 
and will not be discussed here

jjH ggH
ttH

VVH

V
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arXiv:2109.13808

VBF

ggF + 2 jets

https://arxiv.org/abs/2109.13808
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Higgs CP in pp → jjWW( → eνμν)

• Use BDTs in both channels to 
separate signal and 
background (no CP sensitivity) 
using , , , etc. 

• Split  in 4x5 bins 
depending on  and 
BDT score 

• Define highest 3 BDT score 
regions in all  bins as 
signal regions (12 total)

mℓℓ mT Δϕℓℓ

ggF + 2 jets
|Δηjj |

|Δηjj |
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arXiv:2109.13808

https://arxiv.org/abs/2109.13808
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Higgs CP in pp → jjWW( → eνμν)

 

• CP-even and CP-odd mixing affects the signed  distribution 

• Combined ML fit using  distribution in all signal regions

ℒloop = −
gHgg

4
κgg (cos(α)Ga

μνGa,μν + sin(α)Ga
μνG̃a,μν) H

ΔΦjj

ΔΦjj
13

arXiv:2109.13808

ggF + 2 jets

https://arxiv.org/abs/2109.13808
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Higgs CP in pp → jjWW( → eνμν)
 

 

• Leading uncertainties from statistics,  quark background 
modelling and -tagging

μggF+2jets = 0.5 ± 0.4(stat.)+0.7
−0.6(sys.)

tan α = 0 ± 0.4 (stat.) ± 0.3 (sys.)

t
b
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Shape-only

Shape + rate

arXiv:2109.13808

Shape + rate

ggF + 2 jets

https://arxiv.org/abs/2109.13808
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Conclusion and Outlook
• Continue to probe CP-properties of the Higgs boson: presented new results in , , 

; first ATLAS results to probe Higgs CP-properties in Yukawa couplings

•  and  both probe the  coupling directly (exploiting rate and shape 
information) while  exploits the  signature to indirectly probe  or 
BSM contributions in the loop using shape-only or rate + shape information 

• Anomalous couplings that include a CP-odd component will (usually) modify differential cross-sections 
as well as coupling strength  in order to prove CP-violation in the Higgs sector need to measure CP-
sensitive quantities directly (shape-only) as coupling strength can be modified by many BSM extensions 

• Stronger exclusion limits on pure CP-odd Higgs and so far no sign of significant CP-odd component 
in  or  couplings 

• Expect results on more final states probing CP in different Higgs couplings in the future 

• Looking forward to restart of the LHC ~next month and more than doubling of data in Run 3!

ttH( → γγ) ttH( → bb̄)
pp → jjH( → WW*)

ttH( → γγ) ttH( → bb̄) ttH
pp → jjH( → WW*) ggF + 2 jets ttH

→

VVH ffH

15
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Backup
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CP Properties in Vector Boson Couplings

            

• Calculate  event-by-event in HAWK using reconstructed jets and  system 

• Captures full phase space information and can be used in any Higgs decay mode

|ℳ |2 = |ℳSM |2 + d̃ 2 ℜ(ℳ*SMℳCP−odd) + d̃2 |ℳCP−odd |2 ⇒ 𝒪opt =
2 ℜ(ℳ*SMℳCP−odd)

|ℳSM |2

𝒪opt H → ττ

17

Phys. Lett. B 805 (2020) 135426 

have been mostly based on rates and distributions. These focus on ttH at hadron colliders and on ttH and tH final states at
e+e� colliders and ep colliders, respectively, which are also sensitive to the absolute signs of CP-even and CP-odd interactions
through interference effects. For example, by studying distributions in ttH, the HL-LHC will be able to exclude a CP-odd
Higgs at 95%CL with about 200 fb�1 of integrated luminosity. CLIC 1.5 TeV foresees to measure the mixing angle for the top
quark, at in tt̄H to better than 15�. At LHeC, a Higgs interacting with the top quarks with a CP-odd coupling can be excluded
at 3s with 3 ab�1. At FCCeh a precision of 1.9% could be achieved on at .

The most promising direct probe of CP violation in fermionic Higgs decays is the t+t� decay channel, which benefits
from a relatively large branching fraction (6.3%). Accessing the CP violating phase requires a measurement of the linear
polarisations of both t leptons and the azimuthal angle between them. This can be done by analysing the angular distribution of
the various components of the tau decay products and by building suitable CP sensitive quantities (such as triple products of
three-vectors or acoplanarities). The estimated sensitivities for the CP-violating phases, at of the t Yukawa coupling and c̃zz
extracted from CP-sensitive variables are collected in Table 15.

Table 15. Upper bounds on the CP phase a of the Yukawa coupling for t leptons and the CP-violating coefficient c̃zz entering
the HZZ coupling. The result in parenthesis for the HL-LHC is obtained with the same method used for the CEPC study.

Name at c̃zz Ref.

HL-LHC 8� 0.45 (0.13) [13]
HE-LHC – 0.18 [13]

CEPC – 0.11 [2]
FCC-ee240 10� – [1]

ILC250 4� 0.014 [3]

Before concluding this section, we recall that CP-violating Yukawa couplings are well constrained from bounds on the
electric dipole moments (EDMs) [89–94] under the assumptions of i) no cancellation with other contributions to EDMs, ii) SM
values for the CP-even part of the Yukawa couplings.

CP violation in the top quark sector can be constrained by the EDM of the electron, giving k̃t < 0.001 once the latest limits
of the ACME collaboration are considered [95]. For the bottom and charm Yukawas the strongest limits come from the neutron
EDM, k̃b < 5 and k̃c < 21 when theory errors are taken into account. For the light quark CPV Yukawas, measurements of the
neutron EDM give a rather weak constraint on the strange quark Yukawa of k̃s < 7.2, while the bound on the mercury EDM
translates into strong bounds on the up and down Yukawas of k̃u < 0.11 and k̃d < 0.05 (no theory errors, 90% CL). For the t
Yukawa coupling, using the latest ACME measurement gives k̃t < 0.3, while for the electron Yukawa, provides an upper bound
of k̃e < 1.9⇥10�3.

Assuming a SM Yukawa coupling of the Higgs to the electron, one can easily compare the indirect limits from EDMs with
the prospects for direct ones. Using the relations between (k̄,a) and (k, k̃) one can convert the results for both the top quark
(given above) and for the t lepton (collected in Table 15). One finds that the direct top quark limits are not competitive with the
indirect ones, while those on the t lepton are comparable with the current indirect ones.

7 The Higgs boson mass and full width
The current best measurement of the Higgs boson mass, based on the ATLAS and CMS analyses of H ! ZZ⇤ and H ! gg
events in the LHC Run-2 data is 125.18±0.16 GeV [96]. Future accelerators are expected to substantially improve the precision
of this mass measurement.

The mass measurements at lepton colliders in the centre-of-mass energy range 240-350 GeV analyse the recoil mass of the
Higgs boson in e+e� ! ZH events, with Z ! e+e�,µ+µ�. Only the statistical uncertainties on the mass measurements are
shown, as systematic uncertainties in this recoil mass analysis are expected to be negligible. The CLIC mass measurements at
higher centre-of-mass energies analyse the H ! bb̄ invariant mass distribution in e+e� ! H(! bb̄)nn events. The quoted
mass resolutions based on mbb measurements account only for statistical uncertainties, but are sensitive to b-jet energy
scale uncertainties. This systematic uncertainty can be constrained with a e+e� ! Z(! bb̄)nn calibration sample which is
expected to yield comparable statistics to the Higgs sample. The mass measurement at HL-LHC is based on the analysis of
H ! Z(l+l�)Z(l+l�) events. While the calibration of lepton momentum scales has not been studied in detail, a resolution of
10-20 MeV is projected to be plausibly in reach with the assumption that the higher statistics can help to significantly improve
muon pT systematic uncertainties.

39/75

Future collider prospects

arXiv:1905.03764 

https://www.sciencedirect.com/science/article/pii/S0370269320302306
https://arxiv.org/pdf/1905.03764.pdf
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ATLAS-CONF-2022-016

Higgs CP in tt̄H( → bb̄)

http://cdsweb.cern.ch/record/2805772
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Higgs CP in pp → jjWW( → eνμν)
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Higgs CP in pp → jjWW( → eνμν)
ggF + 2 jets
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V Polarisation in pp → jjWW( → eνμν)
 

• Parametrise model as polarisation dependent coupling modifiers: 

,      ,      ,      

ℒ = κVV ( 2m2
W

v
HW+

μ W−μ +
2m2

Z

v
HZμZμ) −

ϵVV

2v (2HW+
μνW−μν + HZμνZμν + HAμνAμν)

aL =
gHVLVL

gSM
HVV

aT =
gHVTVT

gSM
HVV

κVV ≈ aL ϵVV ≈ 0.5 ⋅ (aT − aL)

21

VBF

arXiv:2109.13808

https://arxiv.org/abs/2109.13808
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V Polarisation in pp → jjWW( → eνμν)

•  

•  

• Leading uncertainties from 
-quark and  background 
modelling, jet uncertainties and 
pile-up

κVV = 1.0+0.08
−0.10 (stat.)+0.08

−0.13 (sys.)

ϵVV = 0.00+0.22
−0.24 (stat.)+0.11

−0.15 (sys.)

t
WW

22

arXiv:2109.13808

Shape-only
Shape + rateShape + rate

Shape + rateShape + rate

VBF

https://arxiv.org/abs/2109.13808
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V Polarisation in pp → jjWW( → eνμν)
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CP Violation and Global Constraints

• Combine  coupling and CP measurements, 
with constraints from electron dipole moment 
(EDM) and Baryon asymmetry in the universe 

• Current limits on CP violation in  is sufficient 
to explain Baryon asymmetry!

Hττ

Hττ
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Figure 9: Constraints on the CP-even and CP-odd modifiers of (a) the tau-Yukawa, (b)

the bottom-Yukawa, as well as (c) the top-Yukawa interactions based on LHC measure-

ments (black), eEDM limits (red), and the ratio Y
VIA
B

/Y
obs
B

(blue contours and vertical

scale on the right). The green colored areas indicate the parameter regions satisfying the

LHC and eEDM constraints for which Y
VIA
B

/Y
obs
B

� 1.
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4 Results
In this Section, we present the results of our numerical fits for specific realizations of the
scenarios defined in Section 2. First, we focus on the constraints set by LHC measurements
(supplementary results are provided in Appendix A). In a second step, we investigate the
interplay with the eEDM constraint and the obtainable BAU in the VIA.

4.1 LHC results

In the following, all presented results are based on the LHC data set, defined in Section 3.1,
except for Fig. 2(a), where the CMS H ! ⌧+⌧�

CP measurement is excluded. Accordingly,
the �2 value of the SM point in the plots below is always �2

SM = 89.36 (except for Fig. 2(a)).

4.1.1 1-flavor models

(a)
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�1.5
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1.0

1.5
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��2

(b)

Figure 2: Results of fits to the LHC measurements in the (c⌧ , c̃⌧ ) parameter plane where

in the set of input measurements the CMS H ! ⌧
+
⌧

�
CP result [15] is (a) omitted and

(b) included. The coupling modifiers c⌧ and c̃⌧ are treated as free parameters while all

other parameters are fixed to their SM values. The color corresponds to the profile ��
2

of

the global fit, and the 1�, 2� and 3� confidence regions are shown as white, light-gray and

dark-gray dashed contours, respectively. The best-fit point and the SM case are marked

by a white star and an orange cross, respectively.

⌧ Yukawa coupling We first investigate the two-dimensional plane of the CP-even and
CP-odd tau Yukawa coupling modifiers, c⌧ and c̃⌧ , respectively, treating only these two pa-
rameters as free-floating in the fit. The tau Yukawa coupling is constrained by measurements
of H ! ⌧+⌧� decays, and by measurements of H ! �� decay rates in which tau leptons
enter at the loop-level. In practice, the former dominates the current constraint due to the
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arXiv:2202.11753

https://arxiv.org/abs/2202.11753

