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Outline

•Study of CP violation in VBF production using the 𝜏𝜏 decay 
channel, Phys. Lett. B 805 (2020) 135426 

•Study of CP violation in ttH production using the γγ decay 

channel, Phys. Rev. Lett. 125 (2020) 061802 

•Study of CP violation in ggH production using the WW 

decay channel, ATLAS-CONF-2020-055
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CP Violation and Effective Field Theories
•Matter-antimatter imbalance is not explained by 

the SM

‣Which only includes a small level of CP violation


•CP-violating BSM physics must be out there

‣Haven’t been able to directly detect it so far

‣But we might be able to see its effects indirectly


•The couplings of the Higgs boson to other 
particles could be affected by physics at higher 
energies
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CP-even 
CP-odd

•Parameterize new physics with an EFT model

‣Higgs Characterization is the main one used for results shown here


•Allow for some admixture of a 0- Higgs boson

• Include all possible interactions from gauge-invariant 

dimension-6 operators

‣ For each analysis, focus on the operators that effect the relevant vertex

‣Assume SM holds for the rest
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Optimal Observable
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CP in the HVV Vertex

•Oopt combines information from 7 
variables characterizing the final state

‣ <Oopt>=0 if no CPV

‣More sensitive than Δφjj


•𝜏𝜏 final state offers good S/B and 
reconstruction of the Higgs

‣More details in talk of M. Mlynarikova
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*Assuming BSM physics 
affects W and Z equally

the Higgs boson H, photon A and weak gauge bosons W± and Z as in Ref. [42]:

Le� = LSM + g̃HAAH Ãµ⌫Aµ⌫ + g̃HAZH Ãµ⌫Zµ⌫ + g̃HZZHZ̃µ⌫Zµ⌫ + g̃HWW HW̃+µ⌫W�µ⌫ ,

where Vµ⌫ and Ṽµ⌫ = ✏µ⌫⇢�V⇢� (with V = W±, Z, A) denote the field strength and dual field strength
tensors, respectively. Only two of the four couplings g̃HVV 0 are independent due to constraints imposed by
U(1)Y and SU(2)IW ,L invariance. They can be expressed in terms of two dimensionless couplings d̃ and d̃B

as in Refs. [43, 44]:

g̃HAA =
g

2mW

(d̃ sin2 ✓W + d̃B cos2 ✓W ) g̃HAZ =
g

2mW

sin 2✓W (d̃ � d̃B)

g̃HZZ =
g

2mW

(d̃ cos2 ✓W + d̃B sin2 ✓W ) g̃HWW =
g

mW

d̃ ,

where g is the SU(2) coupling constant and ✓W is the weak mixing angle. Adopting the arbitrary choice
d̃ = d̃B yields the following relations:2

g̃HAA = g̃HZZ =
1
2
g̃HWW =

g

2mW

d̃ and g̃HAZ = 0 .

In an e�ective field theory (EFT), the coupling parameters are real valued. However, rescattering e�ects
from new particles in loops, with masses lower than the scale of new physics assumed in the EFT, may
introduce an imaginary part [40]. Such e�ects are not considered in the analysis presented here, as d̃ is
assumed to be real valued.

The strength of CP violation in VBF Higgs boson production is then described by a single parameter d̃.
The corresponding matrix element M for VBF production is the sum of a CP-even contribution MSM from
the SM and a CP-odd contribution MCP-odd from the dimension-six operators considered:

M =MSM + d̃ · MCP-odd,

where the dependence on d̃ has explicitly been factored out. The squared matrix element has three
contributions:

|M|2 = |MSM |2 + d̃ · 2 Re(M⇤
SMMCP-odd) + d̃2 · |MCP-odd |2 .

The first term |MSM |2 and third term d̃2 · |MCP-odd |2 are both CP-even and hence are not a source of CPV.
The second term d̃ · 2 Re(M⇤

SMMCP-odd) stems from the interference of the two contributions to the matrix
element and is CP-odd, representing a possible new source of CPV in the Higgs sector. The interference
term integrated over a CP-symmetric part of phase space vanishes and therefore does not contribute to the
total cross section and observed event yield after CP-symmetric selection criteria are applied. The third
term increases the total cross section by an amount quadratic in d̃, but this is not exploited in the analysis
presented here as the observed rate can also be influenced by additional CP-conserving new physics.

The final state consisting of the reconstructed decay of the Higgs boson and the two tagging jets
corresponding to the VBF topology can be characterized by seven phase-space variables, by fixing the
mass of the Higgs boson, neglecting jet masses, and exploiting momentum conservation in the plane
transverse to the beam line. The concept of the Optimal Observable (Oopt) combines the information from
the seven-dimensional phase space into a single observable, which is shown to have the highest sensitivity
2 The parameter d̃ is related to the parameter ̂W = (̃W /SM) tan↵ used in the investigation of CP properties in the decay

H ! WW⇤ via d̃ = �̂W = �(̃W /SM) tan↵. The choice d̃ = d̃B yields ̂W = ̂Z as assumed in the combination of the
H ! WW⇤ and H ! Z Z⇤ decay analyses [27].
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CP-odd contribution

to small values of the parameter of interest and neglects contributions proportional to d̃2 in the matrix
element.

The Optimal Observable for the determination of d̃ is given by the ratio of the interference term in the
matrix element to the SM contribution:

Oopt =
2 Re(M⇤

SMMCP-odd)
|MSM |2

.

In order to make an almost model-independent test of CP invariance, the mean value of the Optimal
Observable can be measured. If no CPV is present in the HVV vertex, then the expectation value of the
Optimal Observable vanishes: hOopti = 0, as the Optimal Observable is a CP-odd (and T̂-odd3) variable.
Since the initial state of VBF production of the Higgs boson is not CP-symmetric, this argument assumes
that e�ects from rescattering are negligible [40]. Thus an observation of a non-vanishing mean value
or an asymmetry in the Optimal Observable distribution would indicate physics beyond the SM, either
stemming from CPV, or originating from rescattering e�ects (i.e. new particles being on the mass shell in
loop corrections to the HVV vertex). Example distributions of the Optimal Observable for signal events
after the full event selection, as described in Section 5, are shown for various values of d̃ in Figure 1. In the
SM the distribution is symmetric and has a mean value of zero, whereas a non-vanishing value of d̃ causes
an asymmetry and a non-vanishing mean value of the Optimal Observable.

Optimal Observable
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Figure 1: Distribution of the Optimal Observable for signal events for three example values of d̃ after event
reconstruction and application of the full event selection used to define the signal region (see Section 5). Non-
vanishing values of d̃ cause an asymmetry and a non-vanishing mean value.

The values of the leading-order matrix elements (ME) needed for the calculation of the Optimal Observable
are extracted from HAWK [45–47]. The evaluation requires the four-momenta of the Higgs boson and the
two tagging jets ( j j). The momentum fraction x1 (x2) of the initial-state parton from the proton moving
in the positive (negative) z-direction (along the beam) can be derived by exploiting energy–momentum
conservation from the Higgs boson and tagging jet four-momenta as

xreco
1,2 =

mH j jp
s

e±yH j j ,

3 T̂ denotes the naive time reversal according to Ref. [40], which inverts the directions of momenta and spins.
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Text

Daniela Rebuzzi (Pavia University)

Higgs boson production at LHC

• A lot of progress on 
cross section and BR 
computation 

• Uncertainties O(10%) in 
ggF, dominated by QCD 
scale and PDF+αS 
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Production Cross section [pb] Order of
process

p
s = 7 TeV

p
s = 8 TeV calculation

ggF 15.0 ± 1.6 19.2 ± 2.0 NNLO(QCD)+NLO(EW)
VBF 1.22 ± 0.03 1.58±0.04 NLO (QCD+EW)/NNLO(QCD)
WH 0.577 ± 0.016 0.703 ± 0.018 NNLO(QCD)+NLO(EW)
ZH 0.357 ± 0.015 0.446 ± 0.019 NNLO(QCD)+NLO(EW)
bb̄H 0.156 ± 0.021 0.203 ± 0.028 5FS + 4FS NLO(QCD)
tt̄H 0.086 ± 0.009 0.129 ± 0.014 NLO(QCD)

[LHC Higgs Cross Section W
G - arXiv:1101.0593, 

arXiv:1201.3084 and arXiv:1307.1347]

CPV described by 
single* parameter d~

Phys. Lett. B 805 (2020) 135426 

https://www.sciencedirect.com/science/article/pii/S0370269320302306?via=ihub
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Analysis
•All four 𝜏𝜏 channels are used (dileptonic SF 

and DF, semileptonic, all hadronic)

•VBF topology selected by requiring two 

widely separated jets with mjj>300 GeV

•BDT trained in each channel for further 

discrimination

‣ Score used to define a SR

‣No dependence of Oopt on the BDT


•CRs used to constrain normalization of 

‣ Z→𝜏𝜏 (all channels)


‣ Z→ll (dileptonic SF)

‣ top backgrounds (dileptonic)


‣Misidentified 𝜏 estimated using data-driven 
methods
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Results
•Fit to Oopt distributions performed simultaneously


‣ Ditau mass in the low-BDT CR, event yields for others

‣ Signal normalization is allowed to float


‣ Also Z→𝜏𝜏 or ll and top backgrounds


‣ Fraction of H→WW decays fixed to SM value


•Combined < Oopt>=-0.19±0.37 
•68% CL for d is [-0.090,0.035]
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CP in the Top Yukawa

•New physics in HVV suppressed by 1/Λ2

•Assuming Higgs is partly 0-, not the case for CP-odd 

contribution to top Yukawa

•Would strongly affect ttH and especially tH yields


‣ tH suppressed in SM by interference
!11

The observation of Higgs boson production in association with top quarks at the LHC [1, 2] provides an
opportunity to probe the charge conjugation and parity (CP) properties of the Yukawa coupling of the
Higgs boson to the top quark. The Standard Model (SM) of particle physics predicts the Higgs boson to
be a scalar particle (JCP = 0++) with a prescribed coupling to the top quark. However, the presence of
a JCP = 0+� pseudoscalar admixture, which introduces a second coupling to the top quark, has not yet
been excluded. Any measured CP-odd contribution would be a sign of physics beyond the SM and could
account for the explanation of the observed baryon asymmetry of the universe. This Letter presents a
search for CP-violation in this coupling and measurements of the production rate of the Higgs boson, via
its decay into two photons, in association with top quarks. Recently, the CMS Collaboration performed a
similar study [3].

Studies of CP properties of the Higgs boson interactions with gauge bosons have been performed by the
ATLAS and CMS experiments [4–9]; the results show no deviations from the SM predictions. However,
these measurements probe the bosonic couplings in which CP-odd contributions enter only via higher-order
operators that are suppressed by powers of 1/⇤2 [10], where ⇤ is the scale of the new physics in an e�ective
field theory (EFT). In the case of the Yukawa couplings, the CP-odd contributions are not suppressed by
powers of 1/⇤2.

The CP properties of the top Yukawa coupling can be probed directly using Higgs boson production in
association with top quarks: tt̄H and tH processes. The couplings impact the production rates [11–14] and
some kinematic distributions. The tH rate is particularly sensitive to deviations from SM couplings due to
destructive interference in the SM between diagrams where the Higgs boson radiates from a top quark and
from a W boson. The presence of CP-mixing in the top Yukawa coupling also modifies the gluon–gluon
fusion (ggF) production rate and the H ! �� decay rate.

This analysis is performed using 139 fb�1 of
p

s = 13 TeV proton–proton (pp) collision data recorded from
2015 to 2018 with the ATLAS detector. The ATLAS detector [15–17] is a multipurpose particle detector
with a forward–backward symmetric cylindrical geometry and near 4⇡ coverage in solid angle.1 The trigger
system consists of a hardware-based first-level trigger and a software-based high-level trigger [18]. Events
used in this analysis were triggered by requiring two photons with a loose identification requirement [19]
in the 2015–2016 data-taking period and transverse energies of at least 25 GeV and 35 GeV for the
subleading and leading photons, respectively. Due to the greater instantaneous luminosity, the photon
trigger identification requirement was tightened in the 2017–2018 data-taking period. The average trigger
e�ciency is over 98% for events passing the full diphoton event selection for this analysis.

The EFT definition used in this Letter is provided by the Higgs Characterization model [20], which is
implemented in the M��G����5_�MC@NLO generator [21]. Within this model, the term in the e�ective
Lagrangian that describes the top Yukawa coupling is:

L = � mt

v

�
 ̄t t [cos(↵) + i sin(↵)�5] t

 
H

where mt is the top quark mass, v is the Higgs vacuum expectation value, t (> 0) is the top Yukawa
coupling parameter, and ↵ is the CP-mixing angle. The SM corresponds to a CP-even coupling with
↵ = 0 and t = 1 while a CP-odd coupling is realized when ↵ = 90�.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘

p
(�⌘)2 + (��)2.
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Figure 5: Interference in the t-channel process at the Tevatron and at the LHC. The con-
tributions from the t-Higgs coupling only and the W -Higgs coupling only, normalized to the
total cross section at any given Higgs mass, are shown.

Figure 6: Interference in the s-channel (left) and in the W -associated channel (right) at the
LHC. The contributions from the t-Higgs coupling only orW -Higgs coupling only, normalized
to the total cross section at any given Higgs mass, are shown.
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Analysis
•γγ final state: high yield, clean, good mass resolution

‣ For more details on γγ analysis, see talk by E. Rossi

‣ For more details on ttH analyses, see talk by H. Yang


•Two BDTs for event categorization

‣ Trained separately in hadronic and leptonic top-quark decays

‣One for discriminating against background

‣One for discriminating CP-even from CP-odd
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Results
•Simultaneous fit in all categories

• ttH and tH yields parameterized in terms 

of 𝛼 and 𝜅t


•ggF and H→γγ coupling modifiers 
constrained by other analyses


•2d fit of 𝜅tsin(𝛼) vs. 𝜅tcos(𝛼)
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Results
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CP in the ggH Vertex

• In mtop→∞ limit, effective ggH vertex inherits 
the CP structure of the Higgs-top interaction

•Look for CP violation in ggH+2jet production

‣ Δφjj distribution is highly sensitive

‣ This analysis uses H→WW*→lνlν decay channel


✦ Relatively large BR

✦ See talk of Y. Lu for more details
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Figure 1: Examples of Feynman diagrams contributing to the production of a Higgs boson in association with two
jets via the fusion of two gluons or two vector bosons at LO in QCD. The presented diagrams show examples for (a)
the subprocesses @@ ! �@@, (b) @6 ! �@6 and (c) 66 ! �66, as well as (d) the vector boson fusion process and
the subsequent decay of the Higgs boson to two vector bosons.

The structure of this note is as follows. Section 2 gives a short summary of the theoretical frameworks used
to study the CP properties of the Higgs-boson coupling to top quarks and gluons, as well as its coupling
to polarised electroweak bosons. The ATLAS detector and the Monte Carlo and data samples used in
these studies are discussed in Section 3 and Section 4, respectively. The event selection and categorisation
requirements are presented in Section 5, while the estimation of the various background processes is
detailed in Section 6. The theoretical and experimental uncertainties are presented in Section 7. Finally, in
Section 8 the results are discussed.

2 Theoretical framework and methodology

For the studies targeting BSM contributions to the top Yukawa coupling and the e�ective Higgs-gluon
coupling, an e�ective field theory framework (EFT) is chosen to parametrise possible deviations from the
SM. The EFT operators probed in this note are provided by the Higgs Characterisation (HC) model [20],
which is implemented in the MadGraph5_aMC@NLO generator [21]. In the heavy-top mass limit,
<top ! 1, the CP structure of the top Yukawa coupling is inherited by the e�ective Higgs-gluon vertex
[22]. Thus, constraints on BSM contributions will be directly set on the CP-even and CP-odd coupling
strength modifiers of the e�ective Higgs-gluon vertex. The e�ective Lagrangian that describes the
Higgs-gluon interaction is expressed as

Lloop
0 = �1

4

⇣
^�666�66⌧

0
`a⌧

0,`a + ^�666�66⌧
0
`a⌧̃

0,`a
⌘
� , (1)

where ^�66 and ^�66 are scale factors for the CP-even and CP-odd interactions respectively, ⌧0
`a is the

gluon field strength tensor, and 6�66 is the e�ective coupling for the SM CP-even 66� interaction.
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Conclusion

•Higgs couplings provide a potentially fruitful area of search 
for BSM CP-violating physics

‣With EFT’s as the essential theoretical model


•Higgs couplings to V and top studied with different 
techniques

•No sign of CP violation yet

‣ All results statistically dominated

‣Not all yet using the full Run-2 dataset


•More results using additional channels and approaches are 
coming, stay tuned!
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VBF H→𝜏𝜏 Event Selection

!24
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VBF H→𝜏𝜏 Systematics
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ttH Signal Parameterizations
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ttH Fit Results
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ggF+2j HWW Systematics
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Source �

�
Agg/Hgg

�

Total data statistical uncertainty 0.4

SR statistical uncertainty 0.33

CR statistical uncertainty 0.10

MC statistical uncertainty 0.14

Total systematic uncertainty 0.28

Theoretical uncertainty 0.23

Top quark bkg. 0.15

ggF signal 0.14

WZ, ZZ, W�, Z� bkg. 0.06

WW bkg. 0.06

Z/�⇤
bkg. 0.016

VBF bkg. 0.015

Experimental uncertainty 0.21

b-tagging 0.16

Modelling of pile-up 0.10

Jets 0.07

Misidentified leptons 0.04

Luminosity 0.034

Total 0.5
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ggF+2j HWW Shape-Only Scan
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