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‣ New avenues for collider CP sensitivity ? 

‣ BSM sensitivity from rare multi-Higgs processes ?  

‣ What can the LHC do for us ?

‣ plethora of serious theoretical/observational problems

‣ somehow SM correlations are unexpectedly  accurate

monetise electroweak data correlations towards BSM discovery ?

…and what are its implications ?

What is the nature of the TeV scale?
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high energies?
X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)$ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.
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[Grzadkowski et al. `17]

vs.

(Chromo) Electric Dipole Moment

� h

q, e q, e

�

t

⇢ L1

g h

q q

g

t

⇢ L1

Z h

q, e q, e

�

t

⇢ L2

� h

q, e q, e

�

W±

G±
Z

q, e q, e

�

| {z }
UV sensitiveInteractions such as those diagrammed above are used to 

determine the (C)EDMs of the light quarks and electron, which 
are subsequently used to calculate the EDMs of the neutron and 
mercury.

 ”Low energy physics highly rules the Higgs CP game.”

+…

e.g. [Cirigliano, Crivellin, Dekens et al. `19]

<latexit sha1_base64="iczUofWa4Gp0qMZucoPF4BLRHOc=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBhZREpLosdeOygn1AE8JkOmmHzkzCzI1QS/FX3LhQxK3/4c6/cdpmoa0HBg7n3MPce6KUMw2u+20VVlbX1jeKm6Wt7Z3dPXv/oKWTTBHaJAlPVCfCmnImaRMYcNpJFcUi4rQdDW+mfvuBKs0SeQ+jlAYC9yWLGcFgpNA+qvuQOJ1Q+30sBD73ewno0C67FXcGZ5l4OSmjHI3Q/jI5kgkqgXCsdddzUwjGWAEjnE5KfqZpiskQ92nXUIkF1cF4tv3EOTVKz4kTZZ4EZ6b+Toyx0HokIjMpMAz0ojcV//O6GcTXwZjJNAMqyfyjOOOOOXhahdNjihLgI0MwUczs6pABVpiAKaxkSvAWT14mrYuKV61U7y7LtXpeRxEdoxN0hjx0hWroFjVQExH0iJ7RK3qznqwX6936mI8WrDxziP7A+vwB7r6U6g==</latexit>

B ! Xs�, . . .

e.g. [Pospelov, Ritz `05] [Engel, Ramsay-Musolf, van Kolck `13]
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Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)$ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)
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are subsequently used to calculate the EDMs of the neutron and 
mercury.underlying UV dynamics can often imply delicate cancellations

→ comp. Higgs …

+…

 ”Low energy physics highly rules the Higgs CP game.”
e.g. [Pospelov, Ritz `05] [Engel, Ramsay-Musolf, van Kolck `13]

high energies?
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…[Brod, Cornell, Skodras, Stamou `22], [Brod, Polonsky, Stamou `23], [Degenkolb, Elmer, Modak, Muhlleitner, Plehn `24]
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C
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+

2D t-scan (� = 1 TeV)

de
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Figure 5: Magni�cation of the lower le� plot of Fig. 4 showing the constraints on CP-even and CP-odd
contributions to the top-quark Yukawa (CtH±).

Eq. (53)), the h ! �� decay and, for quarks, also Higgs production via gluon-fusion. �is e�ect is
largest for the bo�om quark (that dominates the SM Higgs decay width); nevertheless, we include the
e�ect of all fermions on the total Higgs width.

Note that a negative value for the bo�om Yukawa (in the sense of Eq. (11)) is excluded at 68% CL
(bo�om middle panel in Fig. 4). Note also that for the muon Yukawa, the recent LHC measurements
are more constraining than the electron EDM by an order of magnitude. Regarding tau couplings, the
CMS analysis on the CP structure of the h ! ⌧⌧ decay [74] disfavours large values of |C⌧H�|. While
this analysis is not included here, as it is not (yet) part of the HiggsSignals data set, it would split
the 2� LHC constraint (blue region in lower right panel of Fig. 4) in two distinct regions as illustrated
in the CMS analysis [74].

• Electron, up, down, strange
�e main EDM bounds on the electron and light-quark (up, down, strange) SMEFT coe�cients arise
from their contributions to the electron EDM and the neutron and mercury EDMs, respectively, as
discussed in Sec. 4. Note the di�erent impact of the neutron and mercury EDMs on the up and down
coe�cients, due to the strong isospin dependence of the corresponding EDM predictions.

LHC bounds on the Wilson coe�cients for the electron and the up and down quarks arise from
modi�cations of the total Higgs decay width Eq. (53). Indeed, we checked that the contributions
to gluon fusion and h ! �� are subleading. (For modi�cations of Higgs production induced by
parton distribution functions, see Ref. [75].) However, the resulting constraints are very weak when
compared to the SM Yukawas, as illustrated by the corresponding ratios |re,+| . 4000, |ru,+| . 500,
and |rd,+| . 225. In contrast, the bound on the CP-odd strange-quark coe�cient from LHC is almost
competitive with the hadronic EDM bounds (central panel in Fig. 4).

20

…
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high energies?
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pro�led over (see main text). Contours represent the allowed 68% and 95% con�dence regions, the colour
coding of individual constraints is given in the legend, and gray/black areas correspond to the combined
regions. For details see main text and the caption of Fig. 4.

27

[Brod, Cornell, Skodras, Stamou `22]

high energies?



6

�4 �2 0 2 4

CtH� ⇥10
�2

�1.0

�0.5

0.0

0.5

1.0

1.5

C
tH

+

2D t-scan (� = 1 TeV)

de

EDMs+LHC
LHC

Figure 5: Magni�cation of the lower le� plot of Fig. 4 showing the constraints on CP-even and CP-odd
contributions to the top-quark Yukawa (CtH±).

Eq. (53)), the h ! �� decay and, for quarks, also Higgs production via gluon-fusion. �is e�ect is
largest for the bo�om quark (that dominates the SM Higgs decay width); nevertheless, we include the
e�ect of all fermions on the total Higgs width.

Note that a negative value for the bo�om Yukawa (in the sense of Eq. (11)) is excluded at 68% CL
(bo�om middle panel in Fig. 4). Note also that for the muon Yukawa, the recent LHC measurements
are more constraining than the electron EDM by an order of magnitude. Regarding tau couplings, the
CMS analysis on the CP structure of the h ! ⌧⌧ decay [74] disfavours large values of |C⌧H�|. While
this analysis is not included here, as it is not (yet) part of the HiggsSignals data set, it would split
the 2� LHC constraint (blue region in lower right panel of Fig. 4) in two distinct regions as illustrated
in the CMS analysis [74].

• Electron, up, down, strange
�e main EDM bounds on the electron and light-quark (up, down, strange) SMEFT coe�cients arise
from their contributions to the electron EDM and the neutron and mercury EDMs, respectively, as
discussed in Sec. 4. Note the di�erent impact of the neutron and mercury EDMs on the up and down
coe�cients, due to the strong isospin dependence of the corresponding EDM predictions.

LHC bounds on the Wilson coe�cients for the electron and the up and down quarks arise from
modi�cations of the total Higgs decay width Eq. (53). Indeed, we checked that the contributions
to gluon fusion and h ! �� are subleading. (For modi�cations of Higgs production induced by
parton distribution functions, see Ref. [75].) However, the resulting constraints are very weak when
compared to the SM Yukawas, as illustrated by the corresponding ratios |re,+| . 4000, |ru,+| . 500,
and |rd,+| . 225. In contrast, the bound on the CP-odd strange-quark coe�cient from LHC is almost
competitive with the hadronic EDM bounds (central panel in Fig. 4).
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coe�cients.) On the other hand, the bounds on the heavy quarks (top, bo�om, charm) are dominated
by the electron EDM that has no hadronic uncertainties. Recall also, as discussed above, that EDM
constraints become less relevant upon including more Wilson coe�cients in the �t, implying that the
hadronic uncertainties do not (currently) play a signi�cant role in the multi-parameter �ts.

(ii) It is important to recognize that, in many cases, the perturbative uncertainties are as large as the
nonperturbative uncertainties. As an example, consider the bounds on the bo�om and charm Wilson
coe�cients, studied (within the  framework) in Ref. [15]. �ere it was shown that the QCD corrections
are large; a�er inclusion of the two-loop leading-logarithmic QCD corrections, the uncertainties on
the electric and chomoelectric Wilson coe�cients are reduced to order of 30%. We do not include
the NLO corrections here, as la�ice results are not available for all required matrix elements (see
Refs. [76–78] for preliminary results). Maybe somewhat surprisingly, also the electron EDM bound on
the CP-violating bo�om and charm Yukawas receives large QCD corrections. �e calculation of these
e�ects is ongoing [16] and also not included in this work. No theory uncertainties are included in the
LHC constraints. Note that they are partially contained in the uncertainties quoted by the experiments.
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coe�cients.) On the other hand, the bounds on the heavy quarks (top, bo�om, charm) are dominated
by the electron EDM that has no hadronic uncertainties. Recall also, as discussed above, that EDM
constraints become less relevant upon including more Wilson coe�cients in the �t, implying that the
hadronic uncertainties do not (currently) play a signi�cant role in the multi-parameter �ts.

(ii) It is important to recognize that, in many cases, the perturbative uncertainties are as large as the
nonperturbative uncertainties. As an example, consider the bounds on the bo�om and charm Wilson
coe�cients, studied (within the  framework) in Ref. [15]. �ere it was shown that the QCD corrections
are large; a�er inclusion of the two-loop leading-logarithmic QCD corrections, the uncertainties on
the electric and chomoelectric Wilson coe�cients are reduced to order of 30%. We do not include
the NLO corrections here, as la�ice results are not available for all required matrix elements (see
Refs. [76–78] for preliminary results). Maybe somewhat surprisingly, also the electron EDM bound on
the CP-violating bo�om and charm Yukawas receives large QCD corrections. �e calculation of these
e�ects is ongoing [16] and also not included in this work. No theory uncertainties are included in the
LHC constraints. Note that they are partially contained in the uncertainties quoted by the experiments.
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Eq. (53)), the h ! �� decay and, for quarks, also Higgs production via gluon-fusion. �is e�ect is
largest for the bo�om quark (that dominates the SM Higgs decay width); nevertheless, we include the
e�ect of all fermions on the total Higgs width.

Note that a negative value for the bo�om Yukawa (in the sense of Eq. (11)) is excluded at 68% CL
(bo�om middle panel in Fig. 4). Note also that for the muon Yukawa, the recent LHC measurements
are more constraining than the electron EDM by an order of magnitude. Regarding tau couplings, the
CMS analysis on the CP structure of the h ! ⌧⌧ decay [74] disfavours large values of |C⌧H�|. While
this analysis is not included here, as it is not (yet) part of the HiggsSignals data set, it would split
the 2� LHC constraint (blue region in lower right panel of Fig. 4) in two distinct regions as illustrated
in the CMS analysis [74].

• Electron, up, down, strange
�e main EDM bounds on the electron and light-quark (up, down, strange) SMEFT coe�cients arise
from their contributions to the electron EDM and the neutron and mercury EDMs, respectively, as
discussed in Sec. 4. Note the di�erent impact of the neutron and mercury EDMs on the up and down
coe�cients, due to the strong isospin dependence of the corresponding EDM predictions.

LHC bounds on the Wilson coe�cients for the electron and the up and down quarks arise from
modi�cations of the total Higgs decay width Eq. (53). Indeed, we checked that the contributions
to gluon fusion and h ! �� are subleading. (For modi�cations of Higgs production induced by
parton distribution functions, see Ref. [75].) However, the resulting constraints are very weak when
compared to the SM Yukawas, as illustrated by the corresponding ratios |re,+| . 4000, |ru,+| . 500,
and |rd,+| . 225. In contrast, the bound on the CP-odd strange-quark coe�cient from LHC is almost
competitive with the hadronic EDM bounds (central panel in Fig. 4).
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coe�cients.) On the other hand, the bounds on the heavy quarks (top, bo�om, charm) are dominated
by the electron EDM that has no hadronic uncertainties. Recall also, as discussed above, that EDM
constraints become less relevant upon including more Wilson coe�cients in the �t, implying that the
hadronic uncertainties do not (currently) play a signi�cant role in the multi-parameter �ts.

(ii) It is important to recognize that, in many cases, the perturbative uncertainties are as large as the
nonperturbative uncertainties. As an example, consider the bounds on the bo�om and charm Wilson
coe�cients, studied (within the  framework) in Ref. [15]. �ere it was shown that the QCD corrections
are large; a�er inclusion of the two-loop leading-logarithmic QCD corrections, the uncertainties on
the electric and chomoelectric Wilson coe�cients are reduced to order of 30%. We do not include
the NLO corrections here, as la�ice results are not available for all required matrix elements (see
Refs. [76–78] for preliminary results). Maybe somewhat surprisingly, also the electron EDM bound on
the CP-violating bo�om and charm Yukawas receives large QCD corrections. �e calculation of these
e�ects is ongoing [16] and also not included in this work. No theory uncertainties are included in the
LHC constraints. Note that they are partially contained in the uncertainties quoted by the experiments.
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coe�cients.) On the other hand, the bounds on the heavy quarks (top, bo�om, charm) are dominated
by the electron EDM that has no hadronic uncertainties. Recall also, as discussed above, that EDM
constraints become less relevant upon including more Wilson coe�cients in the �t, implying that the
hadronic uncertainties do not (currently) play a signi�cant role in the multi-parameter �ts.

(ii) It is important to recognize that, in many cases, the perturbative uncertainties are as large as the
nonperturbative uncertainties. As an example, consider the bounds on the bo�om and charm Wilson
coe�cients, studied (within the  framework) in Ref. [15]. �ere it was shown that the QCD corrections
are large; a�er inclusion of the two-loop leading-logarithmic QCD corrections, the uncertainties on
the electric and chomoelectric Wilson coe�cients are reduced to order of 30%. We do not include
the NLO corrections here, as la�ice results are not available for all required matrix elements (see
Refs. [76–78] for preliminary results). Maybe somewhat surprisingly, also the electron EDM bound on
the CP-violating bo�om and charm Yukawas receives large QCD corrections. �e calculation of these
e�ects is ongoing [16] and also not included in this work. No theory uncertainties are included in the
LHC constraints. Note that they are partially contained in the uncertainties quoted by the experiments.
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Eq. (53)), the h ! �� decay and, for quarks, also Higgs production via gluon-fusion. �is e�ect is
largest for the bo�om quark (that dominates the SM Higgs decay width); nevertheless, we include the
e�ect of all fermions on the total Higgs width.

Note that a negative value for the bo�om Yukawa (in the sense of Eq. (11)) is excluded at 68% CL
(bo�om middle panel in Fig. 4). Note also that for the muon Yukawa, the recent LHC measurements
are more constraining than the electron EDM by an order of magnitude. Regarding tau couplings, the
CMS analysis on the CP structure of the h ! ⌧⌧ decay [74] disfavours large values of |C⌧H�|. While
this analysis is not included here, as it is not (yet) part of the HiggsSignals data set, it would split
the 2� LHC constraint (blue region in lower right panel of Fig. 4) in two distinct regions as illustrated
in the CMS analysis [74].

• Electron, up, down, strange
�e main EDM bounds on the electron and light-quark (up, down, strange) SMEFT coe�cients arise
from their contributions to the electron EDM and the neutron and mercury EDMs, respectively, as
discussed in Sec. 4. Note the di�erent impact of the neutron and mercury EDMs on the up and down
coe�cients, due to the strong isospin dependence of the corresponding EDM predictions.

LHC bounds on the Wilson coe�cients for the electron and the up and down quarks arise from
modi�cations of the total Higgs decay width Eq. (53). Indeed, we checked that the contributions
to gluon fusion and h ! �� are subleading. (For modi�cations of Higgs production induced by
parton distribution functions, see Ref. [75].) However, the resulting constraints are very weak when
compared to the SM Yukawas, as illustrated by the corresponding ratios |re,+| . 4000, |ru,+| . 500,
and |rd,+| . 225. In contrast, the bound on the CP-odd strange-quark coe�cient from LHC is almost
competitive with the hadronic EDM bounds (central panel in Fig. 4).
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coe�cients.) On the other hand, the bounds on the heavy quarks (top, bo�om, charm) are dominated
by the electron EDM that has no hadronic uncertainties. Recall also, as discussed above, that EDM
constraints become less relevant upon including more Wilson coe�cients in the �t, implying that the
hadronic uncertainties do not (currently) play a signi�cant role in the multi-parameter �ts.

(ii) It is important to recognize that, in many cases, the perturbative uncertainties are as large as the
nonperturbative uncertainties. As an example, consider the bounds on the bo�om and charm Wilson
coe�cients, studied (within the  framework) in Ref. [15]. �ere it was shown that the QCD corrections
are large; a�er inclusion of the two-loop leading-logarithmic QCD corrections, the uncertainties on
the electric and chomoelectric Wilson coe�cients are reduced to order of 30%. We do not include
the NLO corrections here, as la�ice results are not available for all required matrix elements (see
Refs. [76–78] for preliminary results). Maybe somewhat surprisingly, also the electron EDM bound on
the CP-violating bo�om and charm Yukawas receives large QCD corrections. �e calculation of these
e�ects is ongoing [16] and also not included in this work. No theory uncertainties are included in the
LHC constraints. Note that they are partially contained in the uncertainties quoted by the experiments.
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coe�cients.) On the other hand, the bounds on the heavy quarks (top, bo�om, charm) are dominated
by the electron EDM that has no hadronic uncertainties. Recall also, as discussed above, that EDM
constraints become less relevant upon including more Wilson coe�cients in the �t, implying that the
hadronic uncertainties do not (currently) play a signi�cant role in the multi-parameter �ts.

(ii) It is important to recognize that, in many cases, the perturbative uncertainties are as large as the
nonperturbative uncertainties. As an example, consider the bounds on the bo�om and charm Wilson
coe�cients, studied (within the  framework) in Ref. [15]. �ere it was shown that the QCD corrections
are large; a�er inclusion of the two-loop leading-logarithmic QCD corrections, the uncertainties on
the electric and chomoelectric Wilson coe�cients are reduced to order of 30%. We do not include
the NLO corrections here, as la�ice results are not available for all required matrix elements (see
Refs. [76–78] for preliminary results). Maybe somewhat surprisingly, also the electron EDM bound on
the CP-violating bo�om and charm Yukawas receives large QCD corrections. �e calculation of these
e�ects is ongoing [16] and also not included in this work. No theory uncertainties are included in the
LHC constraints. Note that they are partially contained in the uncertainties quoted by the experiments.
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Wilson Includes 95% confidence interval [TeV�2] p-value (SM)
coe�cient |Md6 |

2 Expected Observed
cW/⇤2 no [�0.30, 0.30] [�0.19, 0.41] 45.9%

yes [�0.31, 0.29] [�0.19, 0.41] 43.2%
c̃W/⇤2 no [�0.12, 0.12] [�0.11, 0.14] 82.0%

yes [�0.12, 0.12] [�0.11, 0.14] 81.8%
cHWB/⇤

2 no [�2.45, 2.45] [�3.78, 1.13] 29.0%
yes [�3.11, 2.10] [�6.31, 1.01] 25.0%

c̃HWB/⇤
2 no [�1.06, 1.06] [0.23, 2.34] 1.7%

yes [�1.06, 1.06] [0.23, 2.35] 1.6%

Table 4: Expected and observed 95% confidence interval for the four Wilson coe�cients, using fits to the EW Z j j
di�erential cross-section measured as a function of �� j j . Results are presented when including or excluding the
pure dimension-six contributions to the EFT prediction. The p-value quantifying the compatibility with the SM
hypothesis is also shown for each Wilson coe�cient. The global p-value associated with constraining these four
Wilson coe�cients is investigated using pseudo-experiments, as outlined in the text.

of WW and W Z production are shown to weaken by a factor of ten when the pure dimension-six terms are
excluded, due to helicity selection rules that suppress the interference contribution in diboson processes [88,
89]. Similarly, the constraints obtained from EW Z j j production at CMS were obtained from a fit to the
pT,`` distribution, which can be dominated by the pure dimension-six terms as shown in Figure 10. The
results presented in this paper therefore have two novel aspects. First, they constitute the strongest limits
when pure dimension-six contributions are excluded from the theoretical prediction. Second, the limits are
derived from a parity-odd observable, which is sensitive to the interference between the SM and CP-odd
amplitudes and is therefore a direct test of CP invariance in the weak-boson self-interactions [5].

10 Conclusion

Di�erential cross-section measurements for the electroweak production of dijets in association with a Z
boson (EW Z j j) are presented for the first time, using proton–proton collision data collected by the ATLAS
experiment at a centre-of-mass energy of

p
s = 13 TeV and with an integrated luminosity of 139 fb�1.

This process is defined by the t-channel exchange of a weak vector boson and is extremely sensitive to
the vector-boson fusion process. Measurements of electroweak Z j j production therefore probe the WW Z
interaction and provide a fundamental test of the SU(2)L⇥U(1)Y gauge symmetry of the Standard Model of
particle physics.

The di�erential cross-sections for EW Z j j production are measured in the Z ! `+`� decay channel
(` = e, µ) as a function of four observables: the dijet invariant mass, the rapidity interval spanned by the
two jets, the signed azimuthal angle between the two jets, and the transverse momentum of the dilepton
pair. The data are corrected for detector ine�ciency and resolution using an iterative Bayesian method and
are compared to state-of-the-art theoretical predictions from P�����+P�����8, H�����7+V����� and
S�����. The data favour the prediction from H�����7+V�����. P�����+P�����8 predicts too large a
cross-section at high values of dijet invariant mass, at for large dijet rapidity intervals, and at intermediate
values of dilepton transverse momentum. S����� predicts too small a cross-section across the measured
phase space. Di�erential cross-section measurements for inclusive Z j j production are also provided in the
signal and control regions used to extract the electroweak component.
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Figure 10: Impact of the O, , Õ, , O�,⌫ and Õ�,⌫ operators on the EW / 9 9 di�erential cross-sections. The
expected contributions from the pure dimension-six term (|Md6 |

2) and from the interference between the SM and
dimension-six amplitudes (2 Re(M⇤

SMMd6)) are shown relative to the pure-SM prediction and represented as dotted
and dashed lines, respectively. The total contribution to the EW / 9 9 cross-section is shown as a solid line.

confidence intervals for the 2,,, /⇤2 Wilson coe�cient are [–2.7, 5.8] TeV�2 and [–4.4, 4.1] TeV�2,
respectively. The observed and expected 95% confidence intervals for the 2̃,,, /⇤2 Wilson coe�cient
are [–1.6, 2.0] TeV�2 and [–1.7, 1.7] TeV�2 respectively. These confidence intervals are slightly weaker
in sensitivity than the confidence intervals derived using measurements of ,+

,
� production at ATLAS

[86], ,/ production at CMS [87], and measurements of EW / 9 9 production at CMS [23]. However, the
constraints from those previous measurements were obtained with the pure dimension-six terms included
in the theoretical prediction and therefore are more sensitive to the impact of missing higher-dimensional
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unlikely but directly testable
[Das Bakshi et al. `20]

6

measured cross section of Ref. [10] ∗

�fid(pp ! W� ! `⌫) = 37.0± 0.8(stat)± 4.0(syst)± 0.8(lumi) pb, (8)

will remain the same for the case of
p
s = 13 TeV and use this in the following statistical analysis.

B. Analysis of CP-sensitive observables

To study the allowed region of the (CfW , C
HfWB

) parameter space based on current experimental

data at the LHC, we consider the di↵erential distribution

d�(CfW , C
HfWB

)

d��X
=

d�SM
d��X

+ CfW
d�fW
d��X

+ C
HfWB

d�
HfWB

d��X
, (9)

where, depending on the process, X = `0Z, ``, `�, and �
HfWB

and �fW are constructed from Q
HfWB

and QfW , respectively, and derive from MC integration of Eq. (5). We generate events for each

process using the two coupling reference points (CfW , C
HfWB

) = (1, 0) and (CfW , C
HfWB

) = (0, 1)

and can rescale distributions using the linear relation of Eq. (5) to subsequently scan over the

space of the two CP-odd Wilson coe�cients, performing a �2 fit, in order to obtain limits. The �2

statistics is defined as

�2(CfW , C
HfWB

) =
�
biSM+d6(CfW , C

HfWB
)� biSM

�
V �1

ij

�
bjSM+d6(CfW , C

HfWB
)� bjSM

�
, (10)

where biSM+d6(CfW , C
HfWB

) is the number of events at a particular luminosity based on the ith

bin of the di↵erential distribution Eq. (9) for a set of Wilson coe�cients and biSM is the bin’s

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6
FIG. 1: Exclusion contours for W� and

WW are shown separately and when com-

bined for 139/fb. WZ does not provide

significant sensitivity and lies outside the

plotting region. We overlay the diboson

constraints with the Z + 2j as extracted

from the confidence intervals of ATLAS

and the best fit lines (dotted) from exper-

imental observations [4].

∗
` for this cross section indicates each type of light lepton (e, µ) and not a sum over them.

[2006.15458]

[Biekötter, Gregg, Krauss, Schönherr `21]

[ATLAS, 2006.15458]
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Improving the sensitivity to CP-violation in the Higgs sector is one of the pillars of the precision
Higgs programme at the Large Hadron Collider. We present a simple method that allows CP-
sensitive observables to be directly constructed from the output of neural networks. We show that
these observables have improved sensitivity to CP-violating e↵ects in the production and decay of
the Higgs boson, when compared to the use of traditional angular observables alone. The kinematic
correlations identified by the neural networks can be used to design new analyses based on angular
observables, with a similar improvement in sensitivity.

I. INTRODUCTION

The Sakharov criteria [1] provide the theoretical back-
drop for one of the biggest phenomenological shortfalls
of the Standard Model (SM) of Particle Physics – an
insu�cient amount of charge-conjugation (C) and par-
ity (P) violation. In the SM, the only source of CP vi-
olation is the complex phase in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [2, 3]. As the flavour and CP
structure of SM interactions is intricately related to the
Yukawka sector, extending the Higgs sector with addi-
tional CP-violating e↵ects is typically considered as a
motivated avenue to reconcile the SM with the Sakharov
criteria.

Such extensions of the SM typically lead to new exotic
states [4], which so far have not been discovered at the
Large Hadron Collider (LHC). This suggests that there
is a significant gap between the mass scale of weak in-
teractions and the mass scale of beyond-the-SM (BSM)
physics. This line of thought has led to a resurgence
of e↵ective field theory applications to the interpreta-
tion of LHC data [5–16]. The extension of the SM by
dimension-six interactions provides the first step in this
programme, capturing the deformations of correlations
in particle physics data under the assumption that there
is a hierarchy between the scale of measurement and new
physics Q

2
⌧ ⇤2. Of particular interest are the opera-

tors, eOi, that introduce new sources of CP violation in
the Lagrangian,

L = LSM +
X

i

ci

⇤2
eOi , (1)

where LSM is the SM Lagrangian and the ci/⇤2 are Wil-
son coe�cients that specify the strength of the new in-
teractions. The operators that a↵ect the electroweak in-

∗
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†
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‡
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teractions of the Higgs boson are (see also [17])

O� eB = �†�Bµ⌫ eBµ⌫ ,

O�fW = �†�W i µ⌫fW i
µ⌫ ,

O�fWB = �†
�
ifW i µ⌫

Bµ⌫ ,

(2)

where � is the Higgs field, and the W
µ and B

µ are
the fields in the SU(2) ⌦ U(1) gauge-field eigenbasis.
The dual field strength tensors are defined as eXµ⌫ =
✏
µ⌫⇢�

X⇢�/2.1

The contributions of these operators to Higgs boson
production and decay is given by the squared amplitude,
i.e.

|M|
2 = |MSM|

2

+
ci

⇤2
2<

⇥
MSMM

⇤
d6,i

⇤
+

ci cj

⇤4
Md6,iM

⇤
d6,j , (3)

where MSM and Md6,i are the SM and dimension-
six amplitudes, respectively. For the CP-odd opera-
tors of interest, the interference between the SM am-
plitude and the dimension-six amplitude is also CP-
odd. Interference e↵ects therefore cancel entirely for
CP-even observables, such as inclusive cross sections and
transverse-momentum spectra, but can be observed as
asymmetries in appropriately-constructed CP-odd ob-
servables [18–39]. The inclusion of the pure dimension-six
contributions to the amplitude-squared in Eq. (3) gives
two potential problems. First, these contributions are
CP-even, making it di�cult to disentangle the e↵ects of
a CP-even operator from a CP-odd operator. Second,
the contributions arise at O(1/⇤4) and power counting
of the new physics scenario becomes important in this in-
stance, i.e. it is a model-dependent question whether the
leading O(1/⇤2) dominate over the O(1/⇤4) expansion
in an actual matching calculation [4, 40].
For these reasons, the ATLAS and CMS experiments

have an extensive programme of searches and measure-
ments that utilise CP-odd observables, including angular

1
Additionally, phases of Wilson coe�cients can introduce CP viola-

tion in the Higgs-fermion interactions.
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● Origin of extra sensitivity investigated using feature importance techniques, whereby the 
change in loss score is evaluated after decorrelating input variables in the trained network.

● Clear interplay between Φ4l and mZ1 (highest mass of e+e- or μ+μ- pair).
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=)

2

pp ! X ! ZZ ! ```
0
`
0. This can be of extreme im-

portance if the LHC is not going to reach its center-of-
mass design-energy. Hence, there is su�cient potential
to revise semihadronic decays, not only to determine the
resonance mass, but also its spin- and CP properties.

The main goal of this paper is to investigate the at-
tainable extent of sensitivity to the spin and CP quan-
tum numbers of a resonance X in the channel pp ! X !
ZZ ! `

+
`
�

jj, for the selection cuts, which allow to dis-
criminate the signal from the background. To arrive at a
reliable assessment, we take into account realistic simula-
tions of both the signal and the dominating background
processes. We fix the mass and the production modes
of X, as well as its production cross section to be sim-
ilar to the SM Higgs boson expectation⇤. On the one
hand, this approach can be motivated by again referring
to unitarity constraints: Curing the growth of both the
V V ! V V and qq̄ ! WW scattering amplitudes by a
singly dominating additional resonance fixes the overall
cross section to be of the order of the SM (see e.g. [17, 18]
for non trivial examples). On the other hand, we would
like to focus on an experimental situation, which favors
the SM expectation, but leaving CP and spin properties
as an open question. For this reason, we also do not in-
clude additional dependencies of the cross section on the
width of X. The width is, in principle, an additional,
highly model-dependent parameter, which can be vastly
di↵erent from the SM Higgs boson width (e.g. in models
with EWSB by strong interactions [19, 20] or in so-called
hidden-valley models [21]). Instead, we straightforwardly
adopt the SM Higgs boson width, which then turns the
resonance considered in this paper into a “Higgs look-
alike”, to borrow the language of Ref. [8].

We organize this paper as follows: In Sec. II, we out-
line the necessary technical details of our analysis. We

�

µ
�

µ
+j↵

j�

✓`

✓h

X

Z Z

p

p

êz

êz0

✓
?

�1

FIG. 1: Spin- and CP-sensitive angles of Ref. [25] in pp !
X ! ZZ ! µ+µ�jj. Details on the angles’ definition and on
the assignment of j↵ and j� are given in the text. An angle
analogous to �1 can be defined with respect to the leptonic
decay plane. We refer to this angle as �̃.

⇤We normalize the cross section to SM Higgs production at the
parton level.

review the e↵ective interactions, from which we com-
pute the production and the decay of the resonance X

with quantum numbers J
CP = 0±

, 1±
, 2+. We also com-

ment on the signal and background event generation and
the chosen selection criteria, and we introduce the CP
and spin-sensitive observables and their generalization to
semihadronic final states. We discuss our numerical re-
sults in Sec. III; Sec. IV closes with a summary and gives
our conclusions.

II. DETAILS OF THE ANALYSIS

A. Spin- and CP-sensitive observables

The spin and CP properties are examined through cor-
relations in the angular distributions of the decay prod-
ucts. A commonly used (sub)set of angles is given by
the definitions of Cabibbo and Maksymowicz of Ref. [22],
which originate from similar studies of the kaon sys-
tem (see, e.g., Refs. [4, 8, 23, 24] for their application
to the X ! ZZ). In this paper we focus on the an-
gles of Ref. [25] as sensitive observables, which also have
been employed in the recent X ! 4l investigation in
Ref. [7]. We quickly recall their definition with the help
of Fig. 1: Let p

↵
, p� , and p± be the three-momenta of

the (sub)jets j↵ and j� and the leptons in the laboratory
frame, respectively. From these momenta, we compute
the three-momenta of the hadronically and leptonically
decaying Z bosons

pZh = p↵ + p� , pZ` = p+ + p� , (1a)

as well as the lab-frame X three-momentum

pX = p↵ + p� + p+ + p� . (1b)

In addition, we denote the normalized unit vector along
the beam axis measured in the X rest frame by êz, and
the unit vector along the ZZ decay axis in the X rest
frame by êz0 . The angles of Fig. 1 are then defined as
follows

cos ✓h =
p↵ · pXp
p2

↵
p2

X

����
Zh

, cos ✓` =
p� · pXq
p2

� p2

X

����
Z`

, (1c)

cos ✓
? =

pZ` · êz0
q

p2

Z`

����
X

, cos �̃ =
(êz ⇥ êz0) · (p� ⇥ p+)p

(p� ⇥ p+)2

����
X

,

(1d)

cos � =
(p↵ ⇥ p�) · (p� ⇥ p+)p
(p↵ ⇥ p�)2 (p� ⇥ p+)2

����
X

, (1e)

where the subscripts indicate the reference system, in
which the angles are evaluated. More precisely, the he-
licity angles ✓h and ✓` are defined in their mother-Z’s
rest frame, and all other angles are defined in the rest
frame of the particle X, where pZ` = �pZh . It is also
worth noting that the helicity angles correspond to the

[Cabibbo, Maksymowicz `68] 
[Truman `78] 
[Dell`Aquila, Nelson `86]…
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‣ CP-interference net zero results from cancelling event weights

[Bhardwaj et al. `21]

going beyond

e.g. [Gritsan et al. `20]

can create (near) optimal observable from 
binary ± weight distinction?
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Improving the sensitivity to CP-violation in the Higgs sector is one of the pillars of the precision
Higgs programme at the Large Hadron Collider. We present a simple method that allows CP-
sensitive observables to be directly constructed from the output of neural networks. We show that
these observables have improved sensitivity to CP-violating e↵ects in the production and decay of
the Higgs boson, when compared to the use of traditional angular observables alone. The kinematic
correlations identified by the neural networks can be used to design new analyses based on angular
observables, with a similar improvement in sensitivity.

I. INTRODUCTION

The Sakharov criteria [1] provide the theoretical back-
drop for one of the biggest phenomenological shortfalls
of the Standard Model (SM) of Particle Physics – an
insu�cient amount of charge-conjugation (C) and par-
ity (P) violation. In the SM, the only source of CP vi-
olation is the complex phase in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [2, 3]. As the flavour and CP
structure of SM interactions is intricately related to the
Yukawka sector, extending the Higgs sector with addi-
tional CP-violating e↵ects is typically considered as a
motivated avenue to reconcile the SM with the Sakharov
criteria.

Such extensions of the SM typically lead to new exotic
states [4], which so far have not been discovered at the
Large Hadron Collider (LHC). This suggests that there
is a significant gap between the mass scale of weak in-
teractions and the mass scale of beyond-the-SM (BSM)
physics. This line of thought has led to a resurgence
of e↵ective field theory applications to the interpreta-
tion of LHC data [5–16]. The extension of the SM by
dimension-six interactions provides the first step in this
programme, capturing the deformations of correlations
in particle physics data under the assumption that there
is a hierarchy between the scale of measurement and new
physics Q

2
⌧ ⇤2. Of particular interest are the opera-

tors, eOi, that introduce new sources of CP violation in
the Lagrangian,

L = LSM +
X

i

ci

⇤2
eOi , (1)

where LSM is the SM Lagrangian and the ci/⇤2 are Wil-
son coe�cients that specify the strength of the new in-
teractions. The operators that a↵ect the electroweak in-
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teractions of the Higgs boson are (see also [17])

O� eB = �†�Bµ⌫ eBµ⌫ ,

O�fW = �†�W i µ⌫fW i
µ⌫ ,

O�fWB = �†
�
ifW i µ⌫

Bµ⌫ ,

(2)

where � is the Higgs field, and the W
µ and B

µ are
the fields in the SU(2) ⌦ U(1) gauge-field eigenbasis.
The dual field strength tensors are defined as eXµ⌫ =
✏
µ⌫⇢�

X⇢�/2.1

The contributions of these operators to Higgs boson
production and decay is given by the squared amplitude,
i.e.

|M|
2 = |MSM|

2

+
ci

⇤2
2<

⇥
MSMM

⇤
d6,i

⇤
+

ci cj

⇤4
Md6,iM

⇤
d6,j , (3)

where MSM and Md6,i are the SM and dimension-
six amplitudes, respectively. For the CP-odd opera-
tors of interest, the interference between the SM am-
plitude and the dimension-six amplitude is also CP-
odd. Interference e↵ects therefore cancel entirely for
CP-even observables, such as inclusive cross sections and
transverse-momentum spectra, but can be observed as
asymmetries in appropriately-constructed CP-odd ob-
servables [18–39]. The inclusion of the pure dimension-six
contributions to the amplitude-squared in Eq. (3) gives
two potential problems. First, these contributions are
CP-even, making it di�cult to disentangle the e↵ects of
a CP-even operator from a CP-odd operator. Second,
the contributions arise at O(1/⇤4) and power counting
of the new physics scenario becomes important in this in-
stance, i.e. it is a model-dependent question whether the
leading O(1/⇤2) dominate over the O(1/⇤4) expansion
in an actual matching calculation [4, 40].
For these reasons, the ATLAS and CMS experiments

have an extensive programme of searches and measure-
ments that utilise CP-odd observables, including angular

1
Additionally, phases of Wilson coe�cients can introduce CP viola-

tion in the Higgs-fermion interactions.
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1 ‣ test cases h→ZZ* (single scale) and weak boson fusion (h+2jets) 
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=)

2

pp ! X ! ZZ ! ```
0
`
0. This can be of extreme im-

portance if the LHC is not going to reach its center-of-
mass design-energy. Hence, there is su�cient potential
to revise semihadronic decays, not only to determine the
resonance mass, but also its spin- and CP properties.

The main goal of this paper is to investigate the at-
tainable extent of sensitivity to the spin and CP quan-
tum numbers of a resonance X in the channel pp ! X !
ZZ ! `

+
`
�

jj, for the selection cuts, which allow to dis-
criminate the signal from the background. To arrive at a
reliable assessment, we take into account realistic simula-
tions of both the signal and the dominating background
processes. We fix the mass and the production modes
of X, as well as its production cross section to be sim-
ilar to the SM Higgs boson expectation⇤. On the one
hand, this approach can be motivated by again referring
to unitarity constraints: Curing the growth of both the
V V ! V V and qq̄ ! WW scattering amplitudes by a
singly dominating additional resonance fixes the overall
cross section to be of the order of the SM (see e.g. [17, 18]
for non trivial examples). On the other hand, we would
like to focus on an experimental situation, which favors
the SM expectation, but leaving CP and spin properties
as an open question. For this reason, we also do not in-
clude additional dependencies of the cross section on the
width of X. The width is, in principle, an additional,
highly model-dependent parameter, which can be vastly
di↵erent from the SM Higgs boson width (e.g. in models
with EWSB by strong interactions [19, 20] or in so-called
hidden-valley models [21]). Instead, we straightforwardly
adopt the SM Higgs boson width, which then turns the
resonance considered in this paper into a “Higgs look-
alike”, to borrow the language of Ref. [8].

We organize this paper as follows: In Sec. II, we out-
line the necessary technical details of our analysis. We

�

µ
�

µ
+j↵

j�

✓`

✓h

X

Z Z

p

p

êz

êz0

✓
?

�1

FIG. 1: Spin- and CP-sensitive angles of Ref. [25] in pp !
X ! ZZ ! µ+µ�jj. Details on the angles’ definition and on
the assignment of j↵ and j� are given in the text. An angle
analogous to �1 can be defined with respect to the leptonic
decay plane. We refer to this angle as �̃.

⇤We normalize the cross section to SM Higgs production at the
parton level.

review the e↵ective interactions, from which we com-
pute the production and the decay of the resonance X

with quantum numbers J
CP = 0±

, 1±
, 2+. We also com-

ment on the signal and background event generation and
the chosen selection criteria, and we introduce the CP
and spin-sensitive observables and their generalization to
semihadronic final states. We discuss our numerical re-
sults in Sec. III; Sec. IV closes with a summary and gives
our conclusions.

II. DETAILS OF THE ANALYSIS

A. Spin- and CP-sensitive observables

The spin and CP properties are examined through cor-
relations in the angular distributions of the decay prod-
ucts. A commonly used (sub)set of angles is given by
the definitions of Cabibbo and Maksymowicz of Ref. [22],
which originate from similar studies of the kaon sys-
tem (see, e.g., Refs. [4, 8, 23, 24] for their application
to the X ! ZZ). In this paper we focus on the an-
gles of Ref. [25] as sensitive observables, which also have
been employed in the recent X ! 4l investigation in
Ref. [7]. We quickly recall their definition with the help
of Fig. 1: Let p

↵
, p� , and p± be the three-momenta of

the (sub)jets j↵ and j� and the leptons in the laboratory
frame, respectively. From these momenta, we compute
the three-momenta of the hadronically and leptonically
decaying Z bosons

pZh = p↵ + p� , pZ` = p+ + p� , (1a)

as well as the lab-frame X three-momentum

pX = p↵ + p� + p+ + p� . (1b)

In addition, we denote the normalized unit vector along
the beam axis measured in the X rest frame by êz, and
the unit vector along the ZZ decay axis in the X rest
frame by êz0 . The angles of Fig. 1 are then defined as
follows

cos ✓h =
p↵ · pXp
p2

↵
p2

X

����
Zh

, cos ✓` =
p� · pXq
p2

� p2

X

����
Z`

, (1c)

cos ✓
? =

pZ` · êz0
q

p2

Z`

����
X

, cos �̃ =
(êz ⇥ êz0) · (p� ⇥ p+)p

(p� ⇥ p+)2

����
X

,

(1d)

cos � =
(p↵ ⇥ p�) · (p� ⇥ p+)p
(p↵ ⇥ p�)2 (p� ⇥ p+)2

����
X

, (1e)

where the subscripts indicate the reference system, in
which the angles are evaluated. More precisely, the he-
licity angles ✓h and ✓` are defined in their mother-Z’s
rest frame, and all other angles are defined in the rest
frame of the particle X, where pZ` = �pZh . It is also
worth noting that the helicity angles correspond to the
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Machine-enhanced CP-asymmetries in the Higgs sector

Akanksha Bhardwaj,1, ∗ Christoph Englert,1, † Robert Hankache,2, ‡ and Andrew D. Pilkington2, §

1School of Physics & Astronomy, University of Glasgow, Glasgow G12 8QQ, UK
2Department of Physics & Astronomy, University of Manchester, Manchester M13 9PL, UK

Improving the sensitivity to CP-violation in the Higgs sector is one of the pillars of the precision
Higgs programme at the Large Hadron Collider. We present a simple method that allows CP-
sensitive observables to be directly constructed from the output of neural networks. We show that
these observables have improved sensitivity to CP-violating e↵ects in the production and decay of
the Higgs boson, when compared to the use of traditional angular observables alone. The kinematic
correlations identified by the neural networks can be used to design new analyses based on angular
observables, with a similar improvement in sensitivity.

I. INTRODUCTION

The Sakharov criteria [1] provide the theoretical back-
drop for one of the biggest phenomenological shortfalls
of the Standard Model (SM) of Particle Physics – an
insu�cient amount of charge-conjugation (C) and par-
ity (P) violation. In the SM, the only source of CP vi-
olation is the complex phase in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [2, 3]. As the flavour and CP
structure of SM interactions is intricately related to the
Yukawka sector, extending the Higgs sector with addi-
tional CP-violating e↵ects is typically considered as a
motivated avenue to reconcile the SM with the Sakharov
criteria.

Such extensions of the SM typically lead to new exotic
states [4], which so far have not been discovered at the
Large Hadron Collider (LHC). This suggests that there
is a significant gap between the mass scale of weak in-
teractions and the mass scale of beyond-the-SM (BSM)
physics. This line of thought has led to a resurgence
of e↵ective field theory applications to the interpreta-
tion of LHC data [5–16]. The extension of the SM by
dimension-six interactions provides the first step in this
programme, capturing the deformations of correlations
in particle physics data under the assumption that there
is a hierarchy between the scale of measurement and new
physics Q

2
⌧ ⇤2. Of particular interest are the opera-

tors, eOi, that introduce new sources of CP violation in
the Lagrangian,

L = LSM +
X

i

ci

⇤2
eOi , (1)

where LSM is the SM Lagrangian and the ci/⇤2 are Wil-
son coe�cients that specify the strength of the new in-
teractions. The operators that a↵ect the electroweak in-

∗
Electronic address: akanksha.bhardwaj@glasgow.ac.uk

†
Electronic address: christoph.englert@glasgow.ac.uk

‡
Electronic address: robert.hankache@manchester.ac.uk

§
Electronic address: andrew.pilkington@manchester.ac.uk

teractions of the Higgs boson are (see also [17])

O� eB = �†�Bµ⌫ eBµ⌫ ,

O�fW = �†�W i µ⌫fW i
µ⌫ ,

O�fWB = �†
�
ifW i µ⌫

Bµ⌫ ,

(2)

where � is the Higgs field, and the W
µ and B

µ are
the fields in the SU(2) ⌦ U(1) gauge-field eigenbasis.
The dual field strength tensors are defined as eXµ⌫ =
✏
µ⌫⇢�

X⇢�/2.1

The contributions of these operators to Higgs boson
production and decay is given by the squared amplitude,
i.e.

|M|
2 = |MSM|

2

+
ci

⇤2
2<

⇥
MSMM

⇤
d6,i

⇤
+

ci cj

⇤4
Md6,iM

⇤
d6,j , (3)

where MSM and Md6,i are the SM and dimension-
six amplitudes, respectively. For the CP-odd opera-
tors of interest, the interference between the SM am-
plitude and the dimension-six amplitude is also CP-
odd. Interference e↵ects therefore cancel entirely for
CP-even observables, such as inclusive cross sections and
transverse-momentum spectra, but can be observed as
asymmetries in appropriately-constructed CP-odd ob-
servables [18–39]. The inclusion of the pure dimension-six
contributions to the amplitude-squared in Eq. (3) gives
two potential problems. First, these contributions are
CP-even, making it di�cult to disentangle the e↵ects of
a CP-even operator from a CP-odd operator. Second,
the contributions arise at O(1/⇤4) and power counting
of the new physics scenario becomes important in this in-
stance, i.e. it is a model-dependent question whether the
leading O(1/⇤2) dominate over the O(1/⇤4) expansion
in an actual matching calculation [4, 40].
For these reasons, the ATLAS and CMS experiments

have an extensive programme of searches and measure-
ments that utilise CP-odd observables, including angular

1
Additionally, phases of Wilson coe�cients can introduce CP viola-

tion in the Higgs-fermion interactions.
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baseline is ATLAS !! VBF_1 (139/fb) [ATLAS-CONF-2021-044]

improvements beyond multi-dim fits possible but reference 
to SM necessary to gain kinematic reference point
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Figure 1: Kinematic setup for the angular analysis of H ! ZZ events (left) and Higgs events in WBF production
(right). All angles are defined in Eq.(2) and Eq.(4).

A. Flipped Nelson

The ‘traditional’ observables to measure the coupling structure of a massive state decaying to two weak
gauge bosons are the Cabibbo–Maksymowicz–Dell’Aquila–Nelson [13, 14] angles. The kinematics for the decay
X ! ZZ ! 4` is illustrated in the left panel of Fig. 1. The four Z decay momenta coming from a heavy
Higgs-like state X are given by

pX = pZe + pZµ , pZe = pe� + pe+ , pZµ = pµ� + pµ+ . (1)

For each of these momenta and the beam direction we define unit three-momenta p̂i in the X rest frame and in
the two Ze,µ rest frames. Note that the one of the two Z bosons will be far of its mass shell, i.e. p

2
⌧ m

2
Z
, but

this does not pose a problem for the boost into its reference frame. The set of observable spin and CP angles
are then defined

cos ✓e = p̂e� · p̂Zµ

���
Ze

cos ✓µ = p̂µ� · p̂Ze

���
Zµ

cos ✓
⇤ = p̂Ze · p̂beam

���
X

cos �e = (p̂beam ⇥ p̂Zµ) · (p̂Zµ ⇥ p̂e�)
���
Ze

cos �� = (p̂e� ⇥ p̂e+) · (p̂µ� ⇥ p̂µ+)
���
X

. (2)

The index at the end of each relation indicates the rest frame in which the angles are defined. In the notation
in Ref. [15] this corresponds to �e ! �1 and �� ! �. An important feature is that the reconstruction of the
angles defined in Eq.(2) requires a full reconstruction of the ‘Higgs’ decay at all stages. It does not require
both Z bosons to be on-shell as long as we can boost into a well-defined center-of-mass frame of the two decay
leptons. In spite of the suggestive notation the angles � and ✓ do not stand for opening angles and not azimuthal
or polar angles.

As a first illustration we show the �� dependences for the process pp ! X ! ZZ ! (e+
e
�)(µ+

µ
�) in the

left panel of Fig. 2. Our hypotheses are the three allowed scalar XZZ couplings structures to mass dimension
six (or five after symmetry breaking) [11, 27] and a spin-2 operator [12]. The corresponding operators are
spelled out in Sec. IIIA and III C.

For the Standard Model coupling we expect this distribution to have a mild modulation, which would vanish
for large Higgs masses. In contrast, there are clear modulations in �� with a phase shift between CP-even and
CP-odd dimension-5 operators, which can be easily understood from kinematics [11, 12].

The X ! ZZ ! 4` topology and the weak-boson-fusion ‘Higgs’ production topology

q1q2 ! j1j2 (X ! dd̄) (3)

are linked by a crossing symmetry. The labeling of the incoming and outgoing partons as incoming quarks
q1,2 and outgoing jets j1,2 is only meant to allow for a definition of the angles independently of the partonic
sub-processes. The ‘Higgs’ decay products can be d = ⌧, W, Z, �, depending on the channel we are looking
at [28–30]. For those observables which require a full momentum reconstruction of pd the list of useful Higgs
decay channels is reduced.

Our aim is to generalize the angular basis of Eq.(2) to weak boson fusion, guided by the obvious crossing
symmetry. When moving one of the final state partons to the initial state we replace time-like Z propagators
with space-like V = W, Z propagators in the t-channel. In this situation we know that the corresponding Breit

‣ CP-interference net zero results from cancelling event weights

[Bhardwaj et al. `21]

can create (near) optimal observable from 
binary ± weight distinction?

going beyond

e.g. [Gritsan et al. `20]
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Going beyond linearity?
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by

L2 �

✓
1 + 2a

H

v
+ b

H2

v2
+ c

H3

v3

◆

⇥

✓
m2

WW+
µ
W�µ +

m2
W

2c2w
ZµZ

µ

◆
, (4)

for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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, (4)

for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
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vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
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Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for
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approximated by this scale choice, eventually rendering the
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adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
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identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].
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tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for
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the
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for
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As can be seen the NLO corrections are modest and well-
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is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
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observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
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way (e.g. [3, 10, 11]) and projected to reach sensitivity
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LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤
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ous extension of the kappa framework of [13].
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Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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such contact terms are also generated with novel, non-
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17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
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QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
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such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
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sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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Going beyond linearity?
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
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such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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Figure 1. Representative Feynman diagram topologies contributing to 2V sensitivity via weak
boson fusion.

In, e.g., the recent [2], modifications of the (trilinear) Higgs self-coupling � and the quartic

gauge-Higgs couplings 2V have been constrained

� 2 [�3.5, 11.3] , 2V 2 [0.0, 2.1] , (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
p

1 � ⇠,

cos 2↵ 6= cos2 ↵ (1.5)

away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.

– 2 –

∼1 fb

e.g. [ATLAS `23]

unitarity
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2

II. SMEFT AND HEFT CORRELATIONS

The SMEFT is constructed by assuming the Higgs field
as an SU(2)L doublet [2, 24, 25]. The new interactions
are parametrized through an expansion in higher dimen-
sional operators, which are invariant under the Lorentz
and SM gauge symmetries

L = LSM +
X

i

ci
⇤2

Oi , (1)

where LSM is the SM Lagrangian, ci are the Wilson co-
e�cients, and ⇤ is the scale of new physics.

The CP-even SMEFT operators relevant for the inter-
actions between gauge bosons and the Higgs field are

O�B =
c�B

⇤2
�†�Bµ⌫Bµ⌫ ,

O�W =
c�W

⇤2
�†�W i µ⌫W i

µ⌫ ,

O�WB =
c�WB

⇤2
�†�iW i µ⌫�Bµ⌫ ,

(2)

where � represents the SU(2)L Higgs doublet, Wµ and
Bµ denote the fields in the SU(2)L ⇥ U(1)Y gauge-field
eigenbasis, and �i are the Pauli matrices with i = 1, 2, 3.
The S parameter severely constrains c�WB and to dis-
cuss the (non-)linear sensitivity reach of WBF di-Higgs
production, we set c�WB = 0 in the following.1 The CP-
violating SMEFT operators a↵ecting the gauge-Higgs bo-
son interactions are given by

O� eB =
c� eB
⇤2

�†�Bµ⌫ eBµ⌫ ,

O�fW =
c�fW
⇤2

�†�W i µ⌫fW i
µ⌫ ,

O�fWB =
c�fWB

⇤2
�†�i�fW i µ⌫Bµ⌫ ,

(3)

where the dual field strength tensors are defined as
eXµ⌫ = ✏µ⌫⇢�X⇢�/2. The operators of Eqs. (2) and (2)
can form a closed set under the RGE flow [27], and study-
ing them in isolation is justified. The phenomenological
impact of these mixing e↵ects is known to be small [28].

In the context of HEFT, the physical Higgs field h
and the three electroweak Goldstone bosons (GBs) ⇡i

are regarded as independent and not part of a SU(2)
doublet. In this scenario, the GBs are parametrized by a
dimensionless unitary matrix U(⇡) [29, 30]

U(⇡) = exp

✓
i

2v
�i⇡i

◆
, (4)

where v = 246 GeV is fixed by, e.g., the W mass. The
matrix U(⇡i) transforms as a bi-doublet of the global

1
For a discussion on models that source this interaction pattern,

see [26]. Note as the corresponding operator in HEFT is not cor-

related with the electroweak vacuum it is a priori unconstrained.

For comparability, we will not consider it in the following.

symmetry SU(2)L⇥SU(2)R, and its covariant derivative
is given by

DµU = @µU + igW i
µ
�i

2
U + ig0BµU

�3

2
. (5)

The leading order HEFT Lagrangian leads to -
framework [31] SM gauge-Higgs interactions via

L
HEFT
LO =

v2

4
Fh Tr[DµU†DµU ] . (6a)

The interactions of the (iso-)singlet Higgs field with
gauge and Goldstone bosons are parametrized by a poly-
nomial function Fh, written as

Fh = 1 + 2(1 + ⇣1)
h

v
+ (1 + ⇣2)

✓
h

v

◆2

+ . . . . (6b)

The choice of ⇣1,2 = 0 corresponds to the SM gauge-Higgs
interactions. For phenomenological analyses, it is there-
fore convenient to isolate the new physics components ⇣1
and ⇣2. The Higgs boson couplings in this framework
become uncorrelated free parameters.
The terms in Eq. (6) do not lead to gauge-Higgs

CP-violation and relevant interactions in HEFT arise
at O(p4) in the momentum expansion. Furthermore,
the di↵erent Lorentz structures of ⇣1 vs. dimension six
SMEFT operators can, in principle, be established from
gg ! h ! ZZ⇤ measurements, which will further inform
(multi-)Higgs measurements in the WBF channel [33].
To gauge the extent to which WBF can then probe non-
linear deformations of the SM, we will set ⇣1 = ⇣2 = 0 and
consider the HEFT generalisation of the Lorentz struc-
tures related to the SMEFT operators of Eqs. (2) and (3)
in the following.
For the sake of defining our notation for HEFT and

SMEFT couplings, let us consider the Bµ⌫Bµ⌫ contribu-
tions. In the language of HEFT, a series of interactions
emerges due to the singlet nature of the Higgs field

Fh,BTr
⇥
Bµ⌫�

3Bµ⌫�3
⇤

=

✓
chB

h

v
+ chhB

h2

2v2
+ ...

◆
Bµ⌫Bµ⌫ . (7)

In HEFT, the V V h and V V hh gauge-Higgs vertices orig-
inate from independent coe�cients chB and chhB , respec-
tively. In contrast, in SMEFT these two interactions are
governed by the same Wilson coe�cient c�B , as they
both correspond to the same SMEFT operator. Hence,
the correspondence between HEFT and SMEFT is given
by

chB
v

= c�B
v

⇤2
, chhB = c�B

v2

⇤2
, (8)

ch eB
v

= c� eB
v

⇤2
, chh eB = c� eB

v2

⇤2
. (9)

Below in Sec. III, we present the results of our analysis
for both HEFT and SMEFT, using HEFT ! SMEFT
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For a discussion on models that source this interaction pattern,

see [26]. Note as the corresponding operator in HEFT is not cor-

related with the electroweak vacuum it is a priori unconstrained.

For comparability, we will not consider it in the following.

symmetry SU(2)L⇥SU(2)R, and its covariant derivative
is given by

DµU = @µU + igW i
µ
�i

2
U + ig0BµU

�3

2
. (5)

The leading order HEFT Lagrangian leads to -
framework [31] SM gauge-Higgs interactions via

L
HEFT
LO =

v2

4
Fh Tr[DµU†DµU ] . (6a)

The interactions of the (iso-)singlet Higgs field with
gauge and Goldstone bosons are parametrized by a poly-
nomial function Fh, written as

Fh = 1 + 2(1 + ⇣1)
h

v
+ (1 + ⇣2)

✓
h

v

◆2

+ . . . . (6b)

The choice of ⇣1,2 = 0 corresponds to the SM gauge-Higgs
interactions. For phenomenological analyses, it is there-
fore convenient to isolate the new physics components ⇣1
and ⇣2. The Higgs boson couplings in this framework
become uncorrelated free parameters.
The terms in Eq. (6) do not lead to gauge-Higgs

CP-violation and relevant interactions in HEFT arise
at O(p4) in the momentum expansion. Furthermore,
the di↵erent Lorentz structures of ⇣1 vs. dimension six
SMEFT operators can, in principle, be established from
gg ! h ! ZZ⇤ measurements, which will further inform
(multi-)Higgs measurements in the WBF channel [33].
To gauge the extent to which WBF can then probe non-
linear deformations of the SM, we will set ⇣1 = ⇣2 = 0 and
consider the HEFT generalisation of the Lorentz struc-
tures related to the SMEFT operators of Eqs. (2) and (3)
in the following.
For the sake of defining our notation for HEFT and

SMEFT couplings, let us consider the Bµ⌫Bµ⌫ contribu-
tions. In the language of HEFT, a series of interactions
emerges due to the singlet nature of the Higgs field
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=
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In HEFT, the V V h and V V hh gauge-Higgs vertices orig-
inate from independent coe�cients chB and chhB , respec-
tively. In contrast, in SMEFT these two interactions are
governed by the same Wilson coe�cient c�B , as they
both correspond to the same SMEFT operator. Hence,
the correspondence between HEFT and SMEFT is given
by
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(non-linear) gauge-Higgs interactions
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Figure 1. Representative Feynman diagram topologies contributing to 2V sensitivity via weak
boson fusion.

In, e.g., the recent [2], modifications of the (trilinear) Higgs self-coupling � and the quartic

gauge-Higgs couplings 2V have been constrained

� 2 [�3.5, 11.3] , 2V 2 [0.0, 2.1] , (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that
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This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
p

1 � ⇠,

cos 2↵ 6= cos2 ↵ (1.5)

away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.

– 2 –

∼1 fb

e.g. [ATLAS `23]

unitarity

2

II. SMEFT AND HEFT CORRELATIONS

The SMEFT is constructed by assuming the Higgs field
as an SU(2)L doublet [2, 24, 25]. The new interactions
are parametrized through an expansion in higher dimen-
sional operators, which are invariant under the Lorentz
and SM gauge symmetries

L = LSM +
X

i

ci
⇤2

Oi , (1)

where LSM is the SM Lagrangian, ci are the Wilson co-
e�cients, and ⇤ is the scale of new physics.

The CP-even SMEFT operators relevant for the inter-
actions between gauge bosons and the Higgs field are

O�B =
c�B

⇤2
�†�Bµ⌫Bµ⌫ ,

O�W =
c�W

⇤2
�†�W i µ⌫W i

µ⌫ ,

O�WB =
c�WB

⇤2
�†�iW i µ⌫�Bµ⌫ ,

(2)

where � represents the SU(2)L Higgs doublet, Wµ and
Bµ denote the fields in the SU(2)L ⇥ U(1)Y gauge-field
eigenbasis, and �i are the Pauli matrices with i = 1, 2, 3.
The S parameter severely constrains c�WB and to dis-
cuss the (non-)linear sensitivity reach of WBF di-Higgs
production, we set c�WB = 0 in the following.1 The CP-
violating SMEFT operators a↵ecting the gauge-Higgs bo-
son interactions are given by

O� eB =
c� eB
⇤2

�†�Bµ⌫ eBµ⌫ ,

O�fW =
c�fW
⇤2

�†�W i µ⌫fW i
µ⌫ ,

O�fWB =
c�fWB

⇤2
�†�i�fW i µ⌫Bµ⌫ ,

(3)

where the dual field strength tensors are defined as
eXµ⌫ = ✏µ⌫⇢�X⇢�/2. The operators of Eqs. (2) and (2)
can form a closed set under the RGE flow [27], and study-
ing them in isolation is justified. The phenomenological
impact of these mixing e↵ects is known to be small [28].

In the context of HEFT, the physical Higgs field h
and the three electroweak Goldstone bosons (GBs) ⇡i

are regarded as independent and not part of a SU(2)
doublet. In this scenario, the GBs are parametrized by a
dimensionless unitary matrix U(⇡) [29, 30]

U(⇡) = exp

✓
i

2v
�i⇡i

◆
, (4)

where v = 246 GeV is fixed by, e.g., the W mass. The
matrix U(⇡i) transforms as a bi-doublet of the global

1
For a discussion on models that source this interaction pattern,

see [26]. Note as the corresponding operator in HEFT is not cor-

related with the electroweak vacuum it is a priori unconstrained.

For comparability, we will not consider it in the following.

symmetry SU(2)L⇥SU(2)R, and its covariant derivative
is given by

DµU = @µU + igW i
µ
�i

2
U + ig0BµU

�3

2
. (5)

The leading order HEFT Lagrangian leads to -
framework [31] SM gauge-Higgs interactions via

L
HEFT
LO =

v2

4
Fh Tr[DµU†DµU ] . (6a)

The interactions of the (iso-)singlet Higgs field with
gauge and Goldstone bosons are parametrized by a poly-
nomial function Fh, written as

Fh = 1 + 2(1 + ⇣1)
h

v
+ (1 + ⇣2)

✓
h

v

◆2

+ . . . . (6b)

The choice of ⇣1,2 = 0 corresponds to the SM gauge-Higgs
interactions. For phenomenological analyses, it is there-
fore convenient to isolate the new physics components ⇣1
and ⇣2. The Higgs boson couplings in this framework
become uncorrelated free parameters.
The terms in Eq. (6) do not lead to gauge-Higgs

CP-violation and relevant interactions in HEFT arise
at O(p4) in the momentum expansion. Furthermore,
the di↵erent Lorentz structures of ⇣1 vs. dimension six
SMEFT operators can, in principle, be established from
gg ! h ! ZZ⇤ measurements, which will further inform
(multi-)Higgs measurements in the WBF channel [33].
To gauge the extent to which WBF can then probe non-
linear deformations of the SM, we will set ⇣1 = ⇣2 = 0 and
consider the HEFT generalisation of the Lorentz struc-
tures related to the SMEFT operators of Eqs. (2) and (3)
in the following.
For the sake of defining our notation for HEFT and

SMEFT couplings, let us consider the Bµ⌫Bµ⌫ contribu-
tions. In the language of HEFT, a series of interactions
emerges due to the singlet nature of the Higgs field

Fh,BTr
⇥
Bµ⌫�

3Bµ⌫�3
⇤

=

✓
chB

h

v
+ chhB

h2

2v2
+ ...

◆
Bµ⌫Bµ⌫ . (7)

In HEFT, the V V h and V V hh gauge-Higgs vertices orig-
inate from independent coe�cients chB and chhB , respec-
tively. In contrast, in SMEFT these two interactions are
governed by the same Wilson coe�cient c�B , as they
both correspond to the same SMEFT operator. Hence,
the correspondence between HEFT and SMEFT is given
by

chB
v

= c�B
v

⇤2
, chhB = c�B

v2

⇤2
, (8)

ch eB
v

= c� eB
v

⇤2
, chh eB = c� eB

v2

⇤2
. (9)

Below in Sec. III, we present the results of our analysis
for both HEFT and SMEFT, using HEFT ! SMEFT
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eXµ⌫ = ✏µ⌫⇢�X⇢�/2. The operators of Eqs. (2) and (2)
can form a closed set under the RGE flow [27], and study-
ing them in isolation is justified. The phenomenological
impact of these mixing e↵ects is known to be small [28].

In the context of HEFT, the physical Higgs field h
and the three electroweak Goldstone bosons (GBs) ⇡i

are regarded as independent and not part of a SU(2)
doublet. In this scenario, the GBs are parametrized by a
dimensionless unitary matrix U(⇡) [29, 30]
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where v = 246 GeV is fixed by, e.g., the W mass. The
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see [26]. Note as the corresponding operator in HEFT is not cor-

related with the electroweak vacuum it is a priori unconstrained.

For comparability, we will not consider it in the following.
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The leading order HEFT Lagrangian leads to -
framework [31] SM gauge-Higgs interactions via
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Fh Tr[DµU†DµU ] . (6a)

The interactions of the (iso-)singlet Higgs field with
gauge and Goldstone bosons are parametrized by a poly-
nomial function Fh, written as

Fh = 1 + 2(1 + ⇣1)
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The choice of ⇣1,2 = 0 corresponds to the SM gauge-Higgs
interactions. For phenomenological analyses, it is there-
fore convenient to isolate the new physics components ⇣1
and ⇣2. The Higgs boson couplings in this framework
become uncorrelated free parameters.
The terms in Eq. (6) do not lead to gauge-Higgs

CP-violation and relevant interactions in HEFT arise
at O(p4) in the momentum expansion. Furthermore,
the di↵erent Lorentz structures of ⇣1 vs. dimension six
SMEFT operators can, in principle, be established from
gg ! h ! ZZ⇤ measurements, which will further inform
(multi-)Higgs measurements in the WBF channel [33].
To gauge the extent to which WBF can then probe non-
linear deformations of the SM, we will set ⇣1 = ⇣2 = 0 and
consider the HEFT generalisation of the Lorentz struc-
tures related to the SMEFT operators of Eqs. (2) and (3)
in the following.
For the sake of defining our notation for HEFT and

SMEFT couplings, let us consider the Bµ⌫Bµ⌫ contribu-
tions. In the language of HEFT, a series of interactions
emerges due to the singlet nature of the Higgs field
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In HEFT, the V V h and V V hh gauge-Higgs vertices orig-
inate from independent coe�cients chB and chhB , respec-
tively. In contrast, in SMEFT these two interactions are
governed by the same Wilson coe�cient c�B , as they
both correspond to the same SMEFT operator. Hence,
the correspondence between HEFT and SMEFT is given
by
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Below in Sec. III, we present the results of our analysis
for both HEFT and SMEFT, using HEFT ! SMEFT
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(non-linear) gauge-Higgs interactions
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Figure 1. Representative Feynman diagram topologies contributing to 2V sensitivity via weak
boson fusion.

In, e.g., the recent [2], modifications of the (trilinear) Higgs self-coupling � and the quartic

gauge-Higgs couplings 2V have been constrained

� 2 [�3.5, 11.3] , 2V 2 [0.0, 2.1] , (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
p

1 � ⇠,

cos 2↵ 6= cos2 ↵ (1.5)

away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.

– 2 –

∼1 fb

e.g. [ATLAS `23]

unitarity

2

II. SMEFT AND HEFT CORRELATIONS

The SMEFT is constructed by assuming the Higgs field
as an SU(2)L doublet [2, 24, 25]. The new interactions
are parametrized through an expansion in higher dimen-
sional operators, which are invariant under the Lorentz
and SM gauge symmetries

L = LSM +
X

i

ci
⇤2

Oi , (1)

where LSM is the SM Lagrangian, ci are the Wilson co-
e�cients, and ⇤ is the scale of new physics.

The CP-even SMEFT operators relevant for the inter-
actions between gauge bosons and the Higgs field are

O�B =
c�B

⇤2
�†�Bµ⌫Bµ⌫ ,

O�W =
c�W

⇤2
�†�W i µ⌫W i

µ⌫ ,

O�WB =
c�WB

⇤2
�†�iW i µ⌫�Bµ⌫ ,

(2)

where � represents the SU(2)L Higgs doublet, Wµ and
Bµ denote the fields in the SU(2)L ⇥ U(1)Y gauge-field
eigenbasis, and �i are the Pauli matrices with i = 1, 2, 3.
The S parameter severely constrains c�WB and to dis-
cuss the (non-)linear sensitivity reach of WBF di-Higgs
production, we set c�WB = 0 in the following.1 The CP-
violating SMEFT operators a↵ecting the gauge-Higgs bo-
son interactions are given by

O� eB =
c� eB
⇤2

�†�Bµ⌫ eBµ⌫ ,

O�fW =
c�fW
⇤2

�†�W i µ⌫fW i
µ⌫ ,

O�fWB =
c�fWB

⇤2
�†�i�fW i µ⌫Bµ⌫ ,

(3)

where the dual field strength tensors are defined as
eXµ⌫ = ✏µ⌫⇢�X⇢�/2. The operators of Eqs. (2) and (2)
can form a closed set under the RGE flow [27], and study-
ing them in isolation is justified. The phenomenological
impact of these mixing e↵ects is known to be small [28].

In the context of HEFT, the physical Higgs field h
and the three electroweak Goldstone bosons (GBs) ⇡i

are regarded as independent and not part of a SU(2)
doublet. In this scenario, the GBs are parametrized by a
dimensionless unitary matrix U(⇡) [29, 30]

U(⇡) = exp

✓
i

2v
�i⇡i

◆
, (4)

where v = 246 GeV is fixed by, e.g., the W mass. The
matrix U(⇡i) transforms as a bi-doublet of the global

1
For a discussion on models that source this interaction pattern,

see [26]. Note as the corresponding operator in HEFT is not cor-

related with the electroweak vacuum it is a priori unconstrained.

For comparability, we will not consider it in the following.

symmetry SU(2)L⇥SU(2)R, and its covariant derivative
is given by

DµU = @µU + igW i
µ
�i

2
U + ig0BµU

�3

2
. (5)

The leading order HEFT Lagrangian leads to -
framework [31] SM gauge-Higgs interactions via

L
HEFT
LO =

v2

4
Fh Tr[DµU†DµU ] . (6a)

The interactions of the (iso-)singlet Higgs field with
gauge and Goldstone bosons are parametrized by a poly-
nomial function Fh, written as

Fh = 1 + 2(1 + ⇣1)
h

v
+ (1 + ⇣2)
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h

v

◆2

+ . . . . (6b)

The choice of ⇣1,2 = 0 corresponds to the SM gauge-Higgs
interactions. For phenomenological analyses, it is there-
fore convenient to isolate the new physics components ⇣1
and ⇣2. The Higgs boson couplings in this framework
become uncorrelated free parameters.
The terms in Eq. (6) do not lead to gauge-Higgs

CP-violation and relevant interactions in HEFT arise
at O(p4) in the momentum expansion. Furthermore,
the di↵erent Lorentz structures of ⇣1 vs. dimension six
SMEFT operators can, in principle, be established from
gg ! h ! ZZ⇤ measurements, which will further inform
(multi-)Higgs measurements in the WBF channel [33].
To gauge the extent to which WBF can then probe non-
linear deformations of the SM, we will set ⇣1 = ⇣2 = 0 and
consider the HEFT generalisation of the Lorentz struc-
tures related to the SMEFT operators of Eqs. (2) and (3)
in the following.
For the sake of defining our notation for HEFT and

SMEFT couplings, let us consider the Bµ⌫Bµ⌫ contribu-
tions. In the language of HEFT, a series of interactions
emerges due to the singlet nature of the Higgs field

Fh,BTr
⇥
Bµ⌫�

3Bµ⌫�3
⇤

=
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chB

h

v
+ chhB

h2

2v2
+ ...

◆
Bµ⌫Bµ⌫ . (7)

In HEFT, the V V h and V V hh gauge-Higgs vertices orig-
inate from independent coe�cients chB and chhB , respec-
tively. In contrast, in SMEFT these two interactions are
governed by the same Wilson coe�cient c�B , as they
both correspond to the same SMEFT operator. Hence,
the correspondence between HEFT and SMEFT is given
by

chB
v

= c�B
v

⇤2
, chhB = c�B

v2

⇤2
, (8)

ch eB
v

= c� eB
v

⇤2
, chh eB = c� eB

v2

⇤2
. (9)

Below in Sec. III, we present the results of our analysis
for both HEFT and SMEFT, using HEFT ! SMEFT
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Bµ denote the fields in the SU(2)L ⇥ U(1)Y gauge-field
eigenbasis, and �i are the Pauli matrices with i = 1, 2, 3.
The S parameter severely constrains c�WB and to dis-
cuss the (non-)linear sensitivity reach of WBF di-Higgs
production, we set c�WB = 0 in the following.1 The CP-
violating SMEFT operators a↵ecting the gauge-Higgs bo-
son interactions are given by
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where the dual field strength tensors are defined as
eXµ⌫ = ✏µ⌫⇢�X⇢�/2. The operators of Eqs. (2) and (2)
can form a closed set under the RGE flow [27], and study-
ing them in isolation is justified. The phenomenological
impact of these mixing e↵ects is known to be small [28].

In the context of HEFT, the physical Higgs field h
and the three electroweak Goldstone bosons (GBs) ⇡i

are regarded as independent and not part of a SU(2)
doublet. In this scenario, the GBs are parametrized by a
dimensionless unitary matrix U(⇡) [29, 30]

U(⇡) = exp
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where v = 246 GeV is fixed by, e.g., the W mass. The
matrix U(⇡i) transforms as a bi-doublet of the global
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For a discussion on models that source this interaction pattern,

see [26]. Note as the corresponding operator in HEFT is not cor-

related with the electroweak vacuum it is a priori unconstrained.

For comparability, we will not consider it in the following.

symmetry SU(2)L⇥SU(2)R, and its covariant derivative
is given by
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The choice of ⇣1,2 = 0 corresponds to the SM gauge-Higgs
interactions. For phenomenological analyses, it is there-
fore convenient to isolate the new physics components ⇣1
and ⇣2. The Higgs boson couplings in this framework
become uncorrelated free parameters.
The terms in Eq. (6) do not lead to gauge-Higgs

CP-violation and relevant interactions in HEFT arise
at O(p4) in the momentum expansion. Furthermore,
the di↵erent Lorentz structures of ⇣1 vs. dimension six
SMEFT operators can, in principle, be established from
gg ! h ! ZZ⇤ measurements, which will further inform
(multi-)Higgs measurements in the WBF channel [33].
To gauge the extent to which WBF can then probe non-
linear deformations of the SM, we will set ⇣1 = ⇣2 = 0 and
consider the HEFT generalisation of the Lorentz struc-
tures related to the SMEFT operators of Eqs. (2) and (3)
in the following.
For the sake of defining our notation for HEFT and

SMEFT couplings, let us consider the Bµ⌫Bµ⌫ contribu-
tions. In the language of HEFT, a series of interactions
emerges due to the singlet nature of the Higgs field

Fh,BTr
⇥
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=
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In HEFT, the V V h and V V hh gauge-Higgs vertices orig-
inate from independent coe�cients chB and chhB , respec-
tively. In contrast, in SMEFT these two interactions are
governed by the same Wilson coe�cient c�B , as they
both correspond to the same SMEFT operator. Hence,
the correspondence between HEFT and SMEFT is given
by
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Below in Sec. III, we present the results of our analysis
for both HEFT and SMEFT, using HEFT ! SMEFT
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tions. In the language of HEFT, a series of interactions
emerges due to the singlet nature of the Higgs field

Fh,BTr
⇥
Bµ⌫�

3Bµ⌫�3
⇤

=

✓
chB

h

v
+ chhB

h2

2v2
+ ...

◆
Bµ⌫Bµ⌫ . (7)

In HEFT, the V V h and V V hh gauge-Higgs vertices orig-
inate from independent coe�cients chB and chhB , respec-
tively. In contrast, in SMEFT these two interactions are
governed by the same Wilson coe�cient c�B , as they
both correspond to the same SMEFT operator. Hence,
the correspondence between HEFT and SMEFT is given
by

chB
v

= c�B
v

⇤2
, chhB = c�B

v2

⇤2
, (8)

ch eB
v

= c� eB
v

⇤2
, chh eB = c� eB

v2

⇤2
. (9)

Below in Sec. III, we present the results of our analysis
for both HEFT and SMEFT, using HEFT ! SMEFT
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II. SMEFT AND HEFT CORRELATIONS

The SMEFT is constructed by assuming the Higgs field
as an SU(2)L doublet [2, 24, 25]. The new interactions
are parametrized through an expansion in higher dimen-
sional operators, which are invariant under the Lorentz
and SM gauge symmetries

L = LSM +
X

i

ci
⇤2

Oi , (1)

where LSM is the SM Lagrangian, ci are the Wilson co-
e�cients, and ⇤ is the scale of new physics.

The CP-even SMEFT operators relevant for the inter-
actions between gauge bosons and the Higgs field are

O�B =
c�B

⇤2
�†�Bµ⌫Bµ⌫ ,

O�W =
c�W

⇤2
�†�W i µ⌫W i

µ⌫ ,

O�WB =
c�WB

⇤2
�†�iW i µ⌫�Bµ⌫ ,

(2)

where � represents the SU(2)L Higgs doublet, Wµ and
Bµ denote the fields in the SU(2)L ⇥ U(1)Y gauge-field
eigenbasis, and �i are the Pauli matrices with i = 1, 2, 3.
The S parameter severely constrains c�WB and to dis-
cuss the (non-)linear sensitivity reach of WBF di-Higgs
production, we set c�WB = 0 in the following.1 The CP-
violating SMEFT operators a↵ecting the gauge-Higgs bo-
son interactions are given by

O� eB =
c� eB
⇤2

�†�Bµ⌫ eBµ⌫ ,

O�fW =
c�fW
⇤2

�†�W i µ⌫fW i
µ⌫ ,

O�fWB =
c�fWB

⇤2
�†�i�fW i µ⌫Bµ⌫ ,

(3)

where the dual field strength tensors are defined as
eXµ⌫ = ✏µ⌫⇢�X⇢�/2. The operators of Eqs. (2) and (2)
can form a closed set under the RGE flow [27], and study-
ing them in isolation is justified. The phenomenological
impact of these mixing e↵ects is known to be small [28].

In the context of HEFT, the physical Higgs field h
and the three electroweak Goldstone bosons (GBs) ⇡i

are regarded as independent and not part of a SU(2)
doublet. In this scenario, the GBs are parametrized by a
dimensionless unitary matrix U(⇡) [29, 30]

U(⇡) = exp

✓
i

2v
�i⇡i

◆
, (4)

where v = 246 GeV is fixed by, e.g., the W mass. The
matrix U(⇡i) transforms as a bi-doublet of the global

1
For a discussion on models that source this interaction pattern,

see [26]. Note as the corresponding operator in HEFT is not cor-

related with the electroweak vacuum it is a priori unconstrained.

For comparability, we will not consider it in the following.

symmetry SU(2)L⇥SU(2)R, and its covariant derivative
is given by

DµU = @µU + igW i
µ
�i

2
U + ig0BµU

�3

2
. (5)

The leading order HEFT Lagrangian leads to -
framework [31] SM gauge-Higgs interactions via

L
HEFT
LO =

v2

4
Fh Tr[DµU†DµU ] . (6a)

The interactions of the (iso-)singlet Higgs field with
gauge and Goldstone bosons are parametrized by a poly-
nomial function Fh, written as

Fh = 1 + 2(1 + ⇣1)
h

v
+ (1 + ⇣2)

✓
h

v

◆2

+ . . . . (6b)

The choice of ⇣1,2 = 0 corresponds to the SM gauge-Higgs
interactions. For phenomenological analyses, it is there-
fore convenient to isolate the new physics components ⇣1
and ⇣2. The Higgs boson couplings in this framework
become uncorrelated free parameters.
The terms in Eq. (6) do not lead to gauge-Higgs

CP-violation and relevant interactions in HEFT arise
at O(p4) in the momentum expansion. Furthermore,
the di↵erent Lorentz structures of ⇣1 vs. dimension six
SMEFT operators can, in principle, be established from
gg ! h ! ZZ⇤ measurements, which will further inform
(multi-)Higgs measurements in the WBF channel [33].
To gauge the extent to which WBF can then probe non-
linear deformations of the SM, we will set ⇣1 = ⇣2 = 0 and
consider the HEFT generalisation of the Lorentz struc-
tures related to the SMEFT operators of Eqs. (2) and (3)
in the following.
For the sake of defining our notation for HEFT and

SMEFT couplings, let us consider the Bµ⌫Bµ⌫ contribu-
tions. In the language of HEFT, a series of interactions
emerges due to the singlet nature of the Higgs field

Fh,BTr
⇥
Bµ⌫�

3Bµ⌫�3
⇤

=
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2v2
+ ...
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Bµ⌫Bµ⌫ . (7)

In HEFT, the V V h and V V hh gauge-Higgs vertices orig-
inate from independent coe�cients chB and chhB , respec-
tively. In contrast, in SMEFT these two interactions are
governed by the same Wilson coe�cient c�B , as they
both correspond to the same SMEFT operator. Hence,
the correspondence between HEFT and SMEFT is given
by

chB
v

= c�B
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⇤2
, chhB = c�B

v2

⇤2
, (8)
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Below in Sec. III, we present the results of our analysis
for both HEFT and SMEFT, using HEFT ! SMEFT
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Figure 1. Representative Feynman diagram topologies contributing to 2V sensitivity via weak
boson fusion.

In, e.g., the recent [2], modifications of the (trilinear) Higgs self-coupling � and the quartic

gauge-Higgs couplings 2V have been constrained

� 2 [�3.5, 11.3] , 2V 2 [0.0, 2.1] , (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
p

1 � ⇠,

cos 2↵ 6= cos2 ↵ (1.5)

away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.

– 2 –

∼1 fb

e.g. [ATLAS `23]

unitarity

3

(a) (b)

(c) (d)

FIG. 1: 95% confidence level regions for the Wilson coe�cients: (a) (chW , chhW ), (b) (chW̃ , chhW̃ ), (c) (chW , chhW̃ ), and
(d) (chW̃ , chhW ) in the HEFT (blue) and SMEFT (orange). These bounds are derived from single Higgs signal strength
measurements from the CMS analysis [32], which provide the leading sensitivities for the SMEFT framework. Additionally, the
analysis incorporates the WBF di-Higgs channel to account for possible non-linearities. To simplify the comparison between
HEFT and SMEFT, we set ⇤ = v. We consider the HL-LHC with 3 ab�1 of data. As the di-Higgs interactions are constrained
by model-assumptions we present them as boxed contours (with dashed outline contours) to highlight this systematic di↵erence
in comparison with HEFT.

identifications. This will enable us to clarify to what
extent SMEFT ⇢ HEFT is probable at the HL-LHC.

To formulate constraints on the BSM parameters, we
can devise observables from the BSM coupling-expanded
matrix elements. The scattering amplitude in the pres-
ence of higher-order terms can be written as the sum
of SM (MSM) and BSM (MO) contributions, as M =
MSM +MO. The behaviour of partonic cross sections is
then given by

d�

dLIPS
⇠ |MSM|

2 + 2Re(MSMM
⇤
O) + |MO|

2 . (10)

The first and third terms proportional to the squared
values of the couplings probe CP-even aspects of
(multi-)Higgs production, such as cross sections and
transverse momentum distributions. The contribution of
CP-odd couplings to the interference term has a net-zero

e↵ect for CP-even observables. These cancellations can
be resolved through the use of specifically tailored CP-
odd observables. To explore the CP sensitivity of these
operators, it is often advantageous to create “signed” ob-
servables that are responsive to the CP-violating term
in the amplitude [23, 34–38]. However, it is important
to note that in scenarios where statistical data is lim-
ited, obtaining a binned distribution may not always be
feasible. This limitation can persist even during the high-
luminosity phase of the Large Hadron Collider for certain
processes, which is our assumption for di-Higgs WBF
production in the following.

5

the quartic interaction vertex V V hh. We can use this
result for 1 + ⇣2 alongside the SM cross section to esti-
mate the statistical and systematic uncertainties relevant
for the constraint of Ref. [39] at an integrated luminosity
of 137 fb�1. We then extrapolate these uncertainties for
the HL-LHC with a target luminosity of 3 ab�1 using a
conservative [40]

p
luminosity scaling. We follow a sim-

ilar approach for the HL-LHC projection of the Wilson
coe�cients of Eq. (11). To approximate the statistical
and systematic uncertainties, we construct the �2 as the
sum over all bins of the squared di↵erences between the
observed event counts Ni and the corresponding counts
NSM

i predicted by the SM, divided by the squared un-
certainties �2

i associated with each bin. The �2 statistic
is expressed as

�2 =
X

i

(Ni � NSM
i )2

�2
i,syst + �2

i,stat

. (13)

These estimates then give rise to HEFT and SMEFT-
allowed parameter space from single and double Higgs
constraints. Here, i runs over the rate information of the
di↵erent single and double Higgs channels.

A toy fit of non-linear gauge-Higgs CP violation

To constrain the parameters introduced in Sec. II,
we implement the HEFT Lagrangian in FeynRules [41],
generating a UFO model file [42], and subsequently
interfaced with MadGraph5 aMC@NLO [43, 44]. We use
MadGraph5 aMC@NLO to perform the interpolation for
the cross section of the hh process in WBF produc-
tion, studying the correlation between pairs of EFT
coe�cients. In this analysis, the total rate can be
parametrized as a power series involving six template
contributions of reference new physics coupling choices
in addition to the SM expectation (see also [19]). If an
EFT coe�cient is CP-odd, its linear contribution van-
ishes from the CP-even cross section interpolation, as
mentioned above.

Reference [39] considers hh production via WBF with
subsequent Higgs boson decay to bottom quark pairs
h ! bb̄. Higher-dimensional gauge-Higgs interactions
can modify the partial decay width of the Higgs decays
into vector bosons h ! V V ⇤, which indirectly a↵ect the
dominant h ! bb̄ branching ratio. The contributions of
the considered HEFT and SMEFT operators to the Higgs
decay widths, compared to those in the SM, are detailed
in Appendix A. Our analysis includes these correlated
e↵ects that propagate to the exclusive 4b final state.

We can then obtain 95% CL regions on the HEFT
and SMEFT parameters as pair-wise combinations of the
EFT coe�cients for 3 ab�1 luminosity. By combining the
bounds from the WBF hh and single Higgs analyses [32],
we calculate a total �2 and identify the 95% exclusion
depending on the relevant number of degrees of freedom.
In Fig. 1, we show the correlations across di↵erent Higgs

c
hhB

c
hh eB

c
hhW

c
hh fW

c
hh fW

B

10�3

10�2

10�1

100

SMEFT

HEFT

10�3

10�2

10�1

100

FIG. 3: 95% CL limits for the HEFT and SMEFT Wilson
coe�cients from the HL-LHC extrapolation to 3/ab. We as-
sume ⇤ = v for comparability. As single Higgs results include
jet-based asymmetries, the SMEFT constraints between CP-
even and CP-odd results are not symmetric.

multiplicities for HEFT and SMEFT parameters. In the
HEFT framework, the single and double Higgs operators
are completely independent. Therefore, the bounds ob-
tained in this framework for the EFT coe�cients chhW
and chhfW are solely determined by the hh WBF analy-
sis, even when the single Higgs constraints are reflected
in the limit setting, as detailed above.

In contrast, the correlations between di↵erent Higgs
multiplicities shown in Fig. 1 are fixed in the SMEFT
framework. This is because both single and double Higgs
interactions are governed by the same high-dimensional
operators in SMEFT, i.e., chhW = chW and chhfW = chfW .
Hence, for the SMEFT, the WBF di-Higgs measurements
do not provide additional phenomenological relevance be-
yond single Higgs observations for the interactions con-
sidered. Furthermore, in both HEFT and SMEFT, chW
and chfW are primarily constrained from the single Higgs
measurements and thus are stringently constrained. We
also observe that the SMEFT contours in the top panels
(a) and (b) of Fig. 1 are more constrained than those in
the bottom panels (c) and (d). This is because the two-
dimensional correlations in the SMEFT shown in the top
panel arise from the same SMEFT operator, reducing the
number of degrees of freedom in the �2 fit. For complete-
ness, we present in Fig. 2 the corresponding limits on the
correlations involving the B field.

In Fig. 3, we show the summary plot of the 95% CL
limits for the EFT coe�cients involving the double Higgs
interactions. Although the production rate of double
Higgs in the WBF channel is small compared to single
Higgs production, resulting in relatively weak limits, we
find that it still provides useful constraints on potential
non-linearities of the gauge-Higgs sector.

We note that the main limiting factor of our extrapo-
lation is the as-yet unclear performance improvement for

3/ab HL-LHC
rate-only

[Bhardwaj et al. `24]

(non-linear) gauge-Higgs interactions

SMEFT   SU(2)xU(1)/U(1) HEFT   SU(2)xSU(2)/SU(2)
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(non-linear) fermion-Higgs interactions

2

sourced in di-Higgs interactions would be further loop
and light-flavour Yukawa suppressed and will therefore
be less constrained.

This note is organized as follows: In Sec. II, we in-
troduce the interactions studied in this work. Particular
emphasis is given to the distinctive patterns of CP viola-
tion predicted in SMEFT as opposed to the more general
HEFT parametrisation. The accurate discrimination of
non-linear CP violation requires a robust statistical han-
dle on single Higgs production processes, serving as a pre-
requisite for the subsequent utilization of di-Higgs pro-
duction to e↵ectively constrain non-linearity. The pro-
cesses and the assumptions under which they are included
in this work are detailed in Sec. III. Sec. IV is devoted to
the discussion of our fit to non-linear CP violation. We
summarize in Sec. V.

II. HEFTY CP VIOLATION

As alluded to above, within the SMEFT approach, we
consider the operator

Ot� = |�|
2Q̄L�

ctR . (2)

� denotes the Higgs doublet, �c = i�2�⇤, and QL, tR
are the left and right-chiral fermion doublet and singlet
relevant for the top interactions, respectively. This oper-
ator leads in the broken phase to P-violating interactions
for complex Wilson coe�cients. Therefore, signs of CP-
violation across di↵erent Higgs multiplicities are corre-
lated as a consequence of the SU(2) doublet structure of
the Higgs boson. For instance, the CP-violating tree-level
three and four-point irreducible vertex functions obey

�t̄th

�t̄th2

����
�5,SMEFT

=
v

3
, (3)

with v ' 246 GeV as the vacuum expectation value of the
Higgs field. In this context, although additional sensitiv-
ity from CP-sensitive observables in tt̄hh production are
welcome, CP-violation in the top Higgs sector under the
assumptions of SMEFT should manifest themselves pre-
dominantly in single Higgs physics, which provides the
most significant statistical pull in a global analysis.

A phenomenologically identical parametrisation of
Eq. (2), which we will use in the following, is given by

L
SMEFT

↵,1 = �
mt

v
t t̄(cos↵ + i�5 sin↵) t h . (4)

Here, ↵ represents the CP-phase and t is a real num-
ber that determines the strength of the interaction. In
this parametrization, the SM is characterized by t = 1
and ↵ = 0. Conversely, for a purely CP-odd interaction,
↵ would be equal to ⇡/2. This parametrization can be
identified with Eq. (2) (after renormalisation of the SM
Yukawa couplings and assuming a purely CP-even SM
coupling of the top quark)

1

⇤2

✓
ReCt�

ImCt�

◆
= �

p
2mt

v3

✓
t cos↵ � 1

t sin↵

◆
. (5)

This directly leads to

L
SMEFT

↵,2 � �
3mt

2v2
t̄({t cos↵�1}+ it�

5 sin↵) t h2 , (6)

which also shows that the tt̄hh interactions vanish for the
SM point, (t, ↵)SM = (1, 0).
Turning to HEFT, which highlights the Higgs boson

as a custodial singlet [16–22], the top quark mass arises
from the non-linear sigma model of SU(2)L ⇥SU(2)R !

SU(2)V that can be parametrized as

U(⇡a) = exp (i⇡a⌧a/v) , (7)

with SU(2) generators ⌧a and Goldstone fields ⇡a. This
field transforms under general SU(2)L ⇥ SU(2)R trans-
formations as U ! L UR† so that the top quark mass
arises from

Ot̄t = �mt Q̄LUtR . (8)

Owing to the singlet character of the Higgs boson in
HEFT, this operator can be dressed with a “flare” func-
tion

Yt(h) = 1 + c(1)
h

v
+ c(2)

h2

2v2
+ . . . , (9)

suppressing higher monomials of the singlet Higgs field,
which are phenomenologically not relevant. This leads to
CP-violating e↵ects analogous to L↵

LHEFT � �
mt

v
t t̄(cos↵ + i�5 sin↵) t h

�
mt

2v2
tt t̄(cos� + i�5 sin�) t h2 . (10)

However, it is important to note a significant exception:
the Higgs multiplicities remain uncorrelated in this con-
text. The expressions for c(1) and c(2) become

c(1) = t ei↵ , c(2) = tt ei� . (11)

The relative strength of CP-violation for the three and
four-point interactions is now characterized by

�t̄th

�t̄th2

����
�5,HEFT

=
t

tt

sin↵

sin�
v , (12)

where the SMEFT trajectory can be recovered by the
HEFT choices

2

tt = 9(1 � 2t cos↵ + 2

t ) ,

tan� =
t sin↵

t cos↵ � 1
.

(13)

CP measurements at ATLAS and CMS are typically
carried by constructing asymmetries or “signed” ob-
servables which isolate interference e↵ects between new
physics and SM contributions. Writing the amplitude of
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sourced in di-Higgs interactions would be further loop
and light-flavour Yukawa suppressed and will therefore
be less constrained.

This note is organized as follows: In Sec. II, we in-
troduce the interactions studied in this work. Particular
emphasis is given to the distinctive patterns of CP viola-
tion predicted in SMEFT as opposed to the more general
HEFT parametrisation. The accurate discrimination of
non-linear CP violation requires a robust statistical han-
dle on single Higgs production processes, serving as a pre-
requisite for the subsequent utilization of di-Higgs pro-
duction to e↵ectively constrain non-linearity. The pro-
cesses and the assumptions under which they are included
in this work are detailed in Sec. III. Sec. IV is devoted to
the discussion of our fit to non-linear CP violation. We
summarize in Sec. V.

II. HEFTY CP VIOLATION

As alluded to above, within the SMEFT approach, we
consider the operator

Ot� = |�|
2Q̄L�

ctR . (2)

� denotes the Higgs doublet, �c = i�2�⇤, and QL, tR
are the left and right-chiral fermion doublet and singlet
relevant for the top interactions, respectively. This oper-
ator leads in the broken phase to P-violating interactions
for complex Wilson coe�cients. Therefore, signs of CP-
violation across di↵erent Higgs multiplicities are corre-
lated as a consequence of the SU(2) doublet structure of
the Higgs boson. For instance, the CP-violating tree-level
three and four-point irreducible vertex functions obey
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with v ' 246 GeV as the vacuum expectation value of the
Higgs field. In this context, although additional sensitiv-
ity from CP-sensitive observables in tt̄hh production are
welcome, CP-violation in the top Higgs sector under the
assumptions of SMEFT should manifest themselves pre-
dominantly in single Higgs physics, which provides the
most significant statistical pull in a global analysis.

A phenomenologically identical parametrisation of
Eq. (2), which we will use in the following, is given by
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mt
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t t̄(cos↵ + i�5 sin↵) t h . (4)

Here, ↵ represents the CP-phase and t is a real num-
ber that determines the strength of the interaction. In
this parametrization, the SM is characterized by t = 1
and ↵ = 0. Conversely, for a purely CP-odd interaction,
↵ would be equal to ⇡/2. This parametrization can be
identified with Eq. (2) (after renormalisation of the SM
Yukawa couplings and assuming a purely CP-even SM
coupling of the top quark)
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which also shows that the tt̄hh interactions vanish for the
SM point, (t, ↵)SM = (1, 0).
Turning to HEFT, which highlights the Higgs boson

as a custodial singlet [16–22], the top quark mass arises
from the non-linear sigma model of SU(2)L ⇥SU(2)R !

SU(2)V that can be parametrized as

U(⇡a) = exp (i⇡a⌧a/v) , (7)

with SU(2) generators ⌧a and Goldstone fields ⇡a. This
field transforms under general SU(2)L ⇥ SU(2)R trans-
formations as U ! L UR† so that the top quark mass
arises from

Ot̄t = �mt Q̄LUtR . (8)

Owing to the singlet character of the Higgs boson in
HEFT, this operator can be dressed with a “flare” func-
tion
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suppressing higher monomials of the singlet Higgs field,
which are phenomenologically not relevant. This leads to
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However, it is important to note a significant exception:
the Higgs multiplicities remain uncorrelated in this con-
text. The expressions for c(1) and c(2) become

c(1) = t ei↵ , c(2) = tt ei� . (11)

The relative strength of CP-violation for the three and
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CP measurements at ATLAS and CMS are typically
carried by constructing asymmetries or “signed” ob-
servables which isolate interference e↵ects between new
physics and SM contributions. Writing the amplitude of
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sourced in di-Higgs interactions would be further loop
and light-flavour Yukawa suppressed and will therefore
be less constrained.

This note is organized as follows: In Sec. II, we in-
troduce the interactions studied in this work. Particular
emphasis is given to the distinctive patterns of CP viola-
tion predicted in SMEFT as opposed to the more general
HEFT parametrisation. The accurate discrimination of
non-linear CP violation requires a robust statistical han-
dle on single Higgs production processes, serving as a pre-
requisite for the subsequent utilization of di-Higgs pro-
duction to e↵ectively constrain non-linearity. The pro-
cesses and the assumptions under which they are included
in this work are detailed in Sec. III. Sec. IV is devoted to
the discussion of our fit to non-linear CP violation. We
summarize in Sec. V.

II. HEFTY CP VIOLATION

As alluded to above, within the SMEFT approach, we
consider the operator

Ot� = |�|
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are the left and right-chiral fermion doublet and singlet
relevant for the top interactions, respectively. This oper-
ator leads in the broken phase to P-violating interactions
for complex Wilson coe�cients. Therefore, signs of CP-
violation across di↵erent Higgs multiplicities are corre-
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with v ' 246 GeV as the vacuum expectation value of the
Higgs field. In this context, although additional sensitiv-
ity from CP-sensitive observables in tt̄hh production are
welcome, CP-violation in the top Higgs sector under the
assumptions of SMEFT should manifest themselves pre-
dominantly in single Higgs physics, which provides the
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ber that determines the strength of the interaction. In
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and light-flavour Yukawa suppressed and will therefore
be less constrained.

This note is organized as follows: In Sec. II, we in-
troduce the interactions studied in this work. Particular
emphasis is given to the distinctive patterns of CP viola-
tion predicted in SMEFT as opposed to the more general
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field transforms under general SU(2)L ⇥ SU(2)R trans-
formations as U ! L UR† so that the top quark mass
arises from
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However, it is important to note a significant exception:
the Higgs multiplicities remain uncorrelated in this con-
text. The expressions for c(1) and c(2) become
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sourced in di-Higgs interactions would be further loop
and light-flavour Yukawa suppressed and will therefore
be less constrained.

This note is organized as follows: In Sec. II, we in-
troduce the interactions studied in this work. Particular
emphasis is given to the distinctive patterns of CP viola-
tion predicted in SMEFT as opposed to the more general
HEFT parametrisation. The accurate discrimination of
non-linear CP violation requires a robust statistical han-
dle on single Higgs production processes, serving as a pre-
requisite for the subsequent utilization of di-Higgs pro-
duction to e↵ectively constrain non-linearity. The pro-
cesses and the assumptions under which they are included
in this work are detailed in Sec. III. Sec. IV is devoted to
the discussion of our fit to non-linear CP violation. We
summarize in Sec. V.

II. HEFTY CP VIOLATION

As alluded to above, within the SMEFT approach, we
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2Q̄L�

ctR . (2)

� denotes the Higgs doublet, �c = i�2�⇤, and QL, tR
are the left and right-chiral fermion doublet and singlet
relevant for the top interactions, respectively. This oper-
ator leads in the broken phase to P-violating interactions
for complex Wilson coe�cients. Therefore, signs of CP-
violation across di↵erent Higgs multiplicities are corre-
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the Higgs boson. For instance, the CP-violating tree-level
three and four-point irreducible vertex functions obey
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with v ' 246 GeV as the vacuum expectation value of the
Higgs field. In this context, although additional sensitiv-
ity from CP-sensitive observables in tt̄hh production are
welcome, CP-violation in the top Higgs sector under the
assumptions of SMEFT should manifest themselves pre-
dominantly in single Higgs physics, which provides the
most significant statistical pull in a global analysis.

A phenomenologically identical parametrisation of
Eq. (2), which we will use in the following, is given by
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Here, ↵ represents the CP-phase and t is a real num-
ber that determines the strength of the interaction. In
this parametrization, the SM is characterized by t = 1
and ↵ = 0. Conversely, for a purely CP-odd interaction,
↵ would be equal to ⇡/2. This parametrization can be
identified with Eq. (2) (after renormalisation of the SM
Yukawa couplings and assuming a purely CP-even SM
coupling of the top quark)
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which also shows that the tt̄hh interactions vanish for the
SM point, (t, ↵)SM = (1, 0).
Turning to HEFT, which highlights the Higgs boson

as a custodial singlet [16–22], the top quark mass arises
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arises from
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However, it is important to note a significant exception:
the Higgs multiplicities remain uncorrelated in this con-
text. The expressions for c(1) and c(2) become
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and light-flavour Yukawa suppressed and will therefore
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This note is organized as follows: In Sec. II, we in-
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ity from CP-sensitive observables in tt̄hh production are
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Owing to the singlet character of the Higgs boson in
HEFT, this operator can be dressed with a “flare” func-
tion

Yt(h) = 1 + c(1)
h

v
+ c(2)

h2

2v2
+ . . . , (9)

suppressing higher monomials of the singlet Higgs field,
which are phenomenologically not relevant. This leads to
CP-violating e↵ects analogous to L↵
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However, it is important to note a significant exception:
the Higgs multiplicities remain uncorrelated in this con-
text. The expressions for c(1) and c(2) become

c(1) = t ei↵ , c(2) = tt ei� . (11)

The relative strength of CP-violation for the three and
four-point interactions is now characterized by
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where the SMEFT trajectory can be recovered by the
HEFT choices
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t ) ,

tan� =
t sin↵

t cos↵ � 1
.

(13)

CP measurements at ATLAS and CMS are typically
carried by constructing asymmetries or “signed” ob-
servables which isolate interference e↵ects between new
physics and SM contributions. Writing the amplitude of
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sourced in di-Higgs interactions would be further loop
and light-flavour Yukawa suppressed and will therefore
be less constrained.

This note is organized as follows: In Sec. II, we in-
troduce the interactions studied in this work. Particular
emphasis is given to the distinctive patterns of CP viola-
tion predicted in SMEFT as opposed to the more general
HEFT parametrisation. The accurate discrimination of
non-linear CP violation requires a robust statistical han-
dle on single Higgs production processes, serving as a pre-
requisite for the subsequent utilization of di-Higgs pro-
duction to e↵ectively constrain non-linearity. The pro-
cesses and the assumptions under which they are included
in this work are detailed in Sec. III. Sec. IV is devoted to
the discussion of our fit to non-linear CP violation. We
summarize in Sec. V.

II. HEFTY CP VIOLATION

As alluded to above, within the SMEFT approach, we
consider the operator

Ot� = |�|
2Q̄L�

ctR . (2)

� denotes the Higgs doublet, �c = i�2�⇤, and QL, tR
are the left and right-chiral fermion doublet and singlet
relevant for the top interactions, respectively. This oper-
ator leads in the broken phase to P-violating interactions
for complex Wilson coe�cients. Therefore, signs of CP-
violation across di↵erent Higgs multiplicities are corre-
lated as a consequence of the SU(2) doublet structure of
the Higgs boson. For instance, the CP-violating tree-level
three and four-point irreducible vertex functions obey
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=
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3
, (3)

with v ' 246 GeV as the vacuum expectation value of the
Higgs field. In this context, although additional sensitiv-
ity from CP-sensitive observables in tt̄hh production are
welcome, CP-violation in the top Higgs sector under the
assumptions of SMEFT should manifest themselves pre-
dominantly in single Higgs physics, which provides the
most significant statistical pull in a global analysis.

A phenomenologically identical parametrisation of
Eq. (2), which we will use in the following, is given by

L
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Here, ↵ represents the CP-phase and t is a real num-
ber that determines the strength of the interaction. In
this parametrization, the SM is characterized by t = 1
and ↵ = 0. Conversely, for a purely CP-odd interaction,
↵ would be equal to ⇡/2. This parametrization can be
identified with Eq. (2) (after renormalisation of the SM
Yukawa couplings and assuming a purely CP-even SM
coupling of the top quark)
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which also shows that the tt̄hh interactions vanish for the
SM point, (t, ↵)SM = (1, 0).
Turning to HEFT, which highlights the Higgs boson

as a custodial singlet [16–22], the top quark mass arises
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field transforms under general SU(2)L ⇥ SU(2)R trans-
formations as U ! L UR† so that the top quark mass
arises from
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Owing to the singlet character of the Higgs boson in
HEFT, this operator can be dressed with a “flare” func-
tion

Yt(h) = 1 + c(1)
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suppressing higher monomials of the singlet Higgs field,
which are phenomenologically not relevant. This leads to
CP-violating e↵ects analogous to L↵
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However, it is important to note a significant exception:
the Higgs multiplicities remain uncorrelated in this con-
text. The expressions for c(1) and c(2) become

c(1) = t ei↵ , c(2) = tt ei� . (11)

The relative strength of CP-violation for the three and
four-point interactions is now characterized by
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CP measurements at ATLAS and CMS are typically
carried by constructing asymmetries or “signed” ob-
servables which isolate interference e↵ects between new
physics and SM contributions. Writing the amplitude of
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sourced in di-Higgs interactions would be further loop
and light-flavour Yukawa suppressed and will therefore
be less constrained.

This note is organized as follows: In Sec. II, we in-
troduce the interactions studied in this work. Particular
emphasis is given to the distinctive patterns of CP viola-
tion predicted in SMEFT as opposed to the more general
HEFT parametrisation. The accurate discrimination of
non-linear CP violation requires a robust statistical han-
dle on single Higgs production processes, serving as a pre-
requisite for the subsequent utilization of di-Higgs pro-
duction to e↵ectively constrain non-linearity. The pro-
cesses and the assumptions under which they are included
in this work are detailed in Sec. III. Sec. IV is devoted to
the discussion of our fit to non-linear CP violation. We
summarize in Sec. V.

II. HEFTY CP VIOLATION

As alluded to above, within the SMEFT approach, we
consider the operator

Ot� = |�|
2Q̄L�

ctR . (2)

� denotes the Higgs doublet, �c = i�2�⇤, and QL, tR
are the left and right-chiral fermion doublet and singlet
relevant for the top interactions, respectively. This oper-
ator leads in the broken phase to P-violating interactions
for complex Wilson coe�cients. Therefore, signs of CP-
violation across di↵erent Higgs multiplicities are corre-
lated as a consequence of the SU(2) doublet structure of
the Higgs boson. For instance, the CP-violating tree-level
three and four-point irreducible vertex functions obey

�t̄th

�t̄th2
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�5,SMEFT

=
v
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, (3)

with v ' 246 GeV as the vacuum expectation value of the
Higgs field. In this context, although additional sensitiv-
ity from CP-sensitive observables in tt̄hh production are
welcome, CP-violation in the top Higgs sector under the
assumptions of SMEFT should manifest themselves pre-
dominantly in single Higgs physics, which provides the
most significant statistical pull in a global analysis.

A phenomenologically identical parametrisation of
Eq. (2), which we will use in the following, is given by

L
SMEFT

↵,1 = �
mt

v
t t̄(cos↵ + i�5 sin↵) t h . (4)

Here, ↵ represents the CP-phase and t is a real num-
ber that determines the strength of the interaction. In
this parametrization, the SM is characterized by t = 1
and ↵ = 0. Conversely, for a purely CP-odd interaction,
↵ would be equal to ⇡/2. This parametrization can be
identified with Eq. (2) (after renormalisation of the SM
Yukawa couplings and assuming a purely CP-even SM
coupling of the top quark)
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This directly leads to
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t̄({t cos↵�1}+ it�

5 sin↵) t h2 , (6)

which also shows that the tt̄hh interactions vanish for the
SM point, (t, ↵)SM = (1, 0).
Turning to HEFT, which highlights the Higgs boson

as a custodial singlet [16–22], the top quark mass arises
from the non-linear sigma model of SU(2)L ⇥SU(2)R !

SU(2)V that can be parametrized as

U(⇡a) = exp (i⇡a⌧a/v) , (7)

with SU(2) generators ⌧a and Goldstone fields ⇡a. This
field transforms under general SU(2)L ⇥ SU(2)R trans-
formations as U ! L UR† so that the top quark mass
arises from

Ot̄t = �mt Q̄LUtR . (8)

Owing to the singlet character of the Higgs boson in
HEFT, this operator can be dressed with a “flare” func-
tion

Yt(h) = 1 + c(1)
h

v
+ c(2)

h2

2v2
+ . . . , (9)

suppressing higher monomials of the singlet Higgs field,
which are phenomenologically not relevant. This leads to
CP-violating e↵ects analogous to L↵

LHEFT � �
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t t̄(cos↵ + i�5 sin↵) t h
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tt t̄(cos� + i�5 sin�) t h2 . (10)

However, it is important to note a significant exception:
the Higgs multiplicities remain uncorrelated in this con-
text. The expressions for c(1) and c(2) become

c(1) = t ei↵ , c(2) = tt ei� . (11)

The relative strength of CP-violation for the three and
four-point interactions is now characterized by

�t̄th
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�5,HEFT

=
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tt

sin↵
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v , (12)

where the SMEFT trajectory can be recovered by the
HEFT choices

2

tt = 9(1 � 2t cos↵ + 2

t ) ,

tan� =
t sin↵

t cos↵ � 1
.

(13)

CP measurements at ATLAS and CMS are typically
carried by constructing asymmetries or “signed” ob-
servables which isolate interference e↵ects between new
physics and SM contributions. Writing the amplitude of
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sourced in di-Higgs interactions would be further loop
and light-flavour Yukawa suppressed and will therefore
be less constrained.

This note is organized as follows: In Sec. II, we in-
troduce the interactions studied in this work. Particular
emphasis is given to the distinctive patterns of CP viola-
tion predicted in SMEFT as opposed to the more general
HEFT parametrisation. The accurate discrimination of
non-linear CP violation requires a robust statistical han-
dle on single Higgs production processes, serving as a pre-
requisite for the subsequent utilization of di-Higgs pro-
duction to e↵ectively constrain non-linearity. The pro-
cesses and the assumptions under which they are included
in this work are detailed in Sec. III. Sec. IV is devoted to
the discussion of our fit to non-linear CP violation. We
summarize in Sec. V.

II. HEFTY CP VIOLATION

As alluded to above, within the SMEFT approach, we
consider the operator

Ot� = |�|
2Q̄L�

ctR . (2)

� denotes the Higgs doublet, �c = i�2�⇤, and QL, tR
are the left and right-chiral fermion doublet and singlet
relevant for the top interactions, respectively. This oper-
ator leads in the broken phase to P-violating interactions
for complex Wilson coe�cients. Therefore, signs of CP-
violation across di↵erent Higgs multiplicities are corre-
lated as a consequence of the SU(2) doublet structure of
the Higgs boson. For instance, the CP-violating tree-level
three and four-point irreducible vertex functions obey

�t̄th

�t̄th2

����
�5,SMEFT

=
v

3
, (3)

with v ' 246 GeV as the vacuum expectation value of the
Higgs field. In this context, although additional sensitiv-
ity from CP-sensitive observables in tt̄hh production are
welcome, CP-violation in the top Higgs sector under the
assumptions of SMEFT should manifest themselves pre-
dominantly in single Higgs physics, which provides the
most significant statistical pull in a global analysis.

A phenomenologically identical parametrisation of
Eq. (2), which we will use in the following, is given by

L
SMEFT

↵,1 = �
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v
t t̄(cos↵ + i�5 sin↵) t h . (4)

Here, ↵ represents the CP-phase and t is a real num-
ber that determines the strength of the interaction. In
this parametrization, the SM is characterized by t = 1
and ↵ = 0. Conversely, for a purely CP-odd interaction,
↵ would be equal to ⇡/2. This parametrization can be
identified with Eq. (2) (after renormalisation of the SM
Yukawa couplings and assuming a purely CP-even SM
coupling of the top quark)
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This directly leads to
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which also shows that the tt̄hh interactions vanish for the
SM point, (t, ↵)SM = (1, 0).
Turning to HEFT, which highlights the Higgs boson

as a custodial singlet [16–22], the top quark mass arises
from the non-linear sigma model of SU(2)L ⇥SU(2)R !

SU(2)V that can be parametrized as

U(⇡a) = exp (i⇡a⌧a/v) , (7)

with SU(2) generators ⌧a and Goldstone fields ⇡a. This
field transforms under general SU(2)L ⇥ SU(2)R trans-
formations as U ! L UR† so that the top quark mass
arises from

Ot̄t = �mt Q̄LUtR . (8)

Owing to the singlet character of the Higgs boson in
HEFT, this operator can be dressed with a “flare” func-
tion

Yt(h) = 1 + c(1)
h

v
+ c(2)

h2

2v2
+ . . . , (9)

suppressing higher monomials of the singlet Higgs field,
which are phenomenologically not relevant. This leads to
CP-violating e↵ects analogous to L↵
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t t̄(cos↵ + i�5 sin↵) t h
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However, it is important to note a significant exception:
the Higgs multiplicities remain uncorrelated in this con-
text. The expressions for c(1) and c(2) become

c(1) = t ei↵ , c(2) = tt ei� . (11)

The relative strength of CP-violation for the three and
four-point interactions is now characterized by
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where the SMEFT trajectory can be recovered by the
HEFT choices
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t ) ,
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t sin↵
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.
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CP measurements at ATLAS and CMS are typically
carried by constructing asymmetries or “signed” ob-
servables which isolate interference e↵ects between new
physics and SM contributions. Writing the amplitude of
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sourced in di-Higgs interactions would be further loop
and light-flavour Yukawa suppressed and will therefore
be less constrained.

This note is organized as follows: In Sec. II, we in-
troduce the interactions studied in this work. Particular
emphasis is given to the distinctive patterns of CP viola-
tion predicted in SMEFT as opposed to the more general
HEFT parametrisation. The accurate discrimination of
non-linear CP violation requires a robust statistical han-
dle on single Higgs production processes, serving as a pre-
requisite for the subsequent utilization of di-Higgs pro-
duction to e↵ectively constrain non-linearity. The pro-
cesses and the assumptions under which they are included
in this work are detailed in Sec. III. Sec. IV is devoted to
the discussion of our fit to non-linear CP violation. We
summarize in Sec. V.
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As alluded to above, within the SMEFT approach, we
consider the operator

Ot� = |�|
2Q̄L�

ctR . (2)

� denotes the Higgs doublet, �c = i�2�⇤, and QL, tR
are the left and right-chiral fermion doublet and singlet
relevant for the top interactions, respectively. This oper-
ator leads in the broken phase to P-violating interactions
for complex Wilson coe�cients. Therefore, signs of CP-
violation across di↵erent Higgs multiplicities are corre-
lated as a consequence of the SU(2) doublet structure of
the Higgs boson. For instance, the CP-violating tree-level
three and four-point irreducible vertex functions obey
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with v ' 246 GeV as the vacuum expectation value of the
Higgs field. In this context, although additional sensitiv-
ity from CP-sensitive observables in tt̄hh production are
welcome, CP-violation in the top Higgs sector under the
assumptions of SMEFT should manifest themselves pre-
dominantly in single Higgs physics, which provides the
most significant statistical pull in a global analysis.

A phenomenologically identical parametrisation of
Eq. (2), which we will use in the following, is given by
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Here, ↵ represents the CP-phase and t is a real num-
ber that determines the strength of the interaction. In
this parametrization, the SM is characterized by t = 1
and ↵ = 0. Conversely, for a purely CP-odd interaction,
↵ would be equal to ⇡/2. This parametrization can be
identified with Eq. (2) (after renormalisation of the SM
Yukawa couplings and assuming a purely CP-even SM
coupling of the top quark)
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SM point, (t, ↵)SM = (1, 0).
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formations as U ! L UR† so that the top quark mass
arises from
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However, it is important to note a significant exception:
the Higgs multiplicities remain uncorrelated in this con-
text. The expressions for c(1) and c(2) become

c(1) = t ei↵ , c(2) = tt ei� . (11)
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four-point interactions is now characterized by
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‣ crucially need a more fine-grained picture of Higgs boson interactions 
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‣ geometric view on the symmetry-breaking sector

‣ entirely new (effective) perspective on the nature of the TeV scale
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