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Overview



EFT as a common tool in HEP is surprisingly recent (pioneered by 

Weinberg). However, the fundamental ideas were known already in 

the 1970s.

1. Appelquist-Carazzone theorem: given two connected systems at 

different energy scales, there is a renormalization procedure such 

that actions at the high scale can be included at low scale by 

changing the parameters at low scale.

2. Wilson renormalization: separates high and low energy modes and 

integrates out the high energy modes above the decoupling scale 

(!). This is however not how typical EFTs are constructed, usually 

one just lists the DOF at low energy and match at low energy.

The EFT implementations technically vary a lot but the key point is that 

there is a defined energy scale that separate the two domains.
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Introduction to EFT



EFT in the HIggs sector2023-01-06 4

EFT cartoon and a classical example
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The W propagator becomes a 4-point vertex 
at low energy (Fermi theory), and when q is 
small it is extremely accurate.

E.g. EFT advantages are that we only need the low energy degrees of 
freedom and the EFT don’t have to be cut-off free in UV 
(“renormalizability”) to be fully consistent.
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What about the Standard Model (SM)?

• SM encapsulates most our HEP knowledge (except e.g. neutrino 
masses and the anticipated quantum gravity).

• Can we leverage all the knowledge in the SM and at the same time use 
it as an EFT to search for new physics?

• In its original form it has the “renormalizability” property, proven by 
t’Hooft and Veltman. I.e. it has no upper cut-off scale (here leaving out 
gravity on purpose).

• Clearly with the absence of a cut-off scale it is not an EFT.
• We can turn it into an EFT (SMEFT) by introducing a EFT scale ! by 

hand. (Beware, to match the EFT at one loop is non-trivial!)
• OK nice, this means that actions above ! will alter parameters and 

induce new operators below ! where we can observe things.
• And we don’t have to worry about “renormalizability” any more.
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The Standard Model as an EFT

• New induced operators are suppressed by mass. Dimension d=5 

operators are related to neutrino majorana masses and are not 

included. Focusing only on d=6 terms conserving baryon number.

• First thing to do is to count DOFs (Warsaw basis 2010, parameters). For 

one generation there are 53 CP-even operators in the complete basis. 

With 3 generations this becomes 1350. Note that only a small subset 

of these are relevant for a fixed final state, + e.g. no FCNC.

The new effective Lagrangian reads: !"## = !%&'()*+, + ∑ /0
12 30

Note that not all the parameters of !%&'()*+,
are the same as in the SM due 

to d=6 corrections, but just as in the SM fixed from observed data.

Practical UFO implementations: SMEFTsim (LO) and SMEFTatNLO (NLO)

https://arxiv.org/abs/1008.4884v3
https://arxiv.org/abs/1312.2014v4
https://smeftsim.github.io/
https://arxiv.org/abs/2008.11743
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Some details regarding SMEFT

• To remain strict d=6, only single interaction insertions are allowed, and 
for the same reason EFT cross-sections should be dominated by the 
interference term SM*EFT in the squared matrix element.

• Only the ratio !"#$ has physical meaning, not !" and #$ separately.
• The EFT is limited by perturbativity: % ~ !"'

#$ breaks perturbativity if 
!" < )* $ in the loop expansions. A safer rule of thumb is !" < )*.

• Renormalization should be carefully performed using dimensional 
regularization (DR) or MSbar to be gauge invariant.

• The SM is renormalizable. But in an EFT setting the Higgs is not always 
protected, even when using DR (Trott). This is a potential real source to 
hierarchy issues. It does make sense to check that the UV model at 
hand protects the Higgs, as long as proper renormalization is used.

https://arxiv.org/abs/1706.08945
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Another path to include massive fields (HEFT)

• In the EFT setting, all we care about is to be able to add mass without 

breaking gauge invariance, i.e. use scalar fields for spontaneous 

symmetry breaking SSB (the Sigma model).

• Putting the scalars into a generic structure ! (2x2) without specifying 

the representation, and rewriting the Lagrangian using !, one can 

deduce the required general transformations and constraints.

• It turns out that there are actually two valid representations of !
1. A linear representation: " # = (& − (

)*(#),-,),

2. and a non-linear representation: " # = .#/(− (
)*(#),-,).

• The linear case leads to the SM Higgs which must be a SU(2) doublet.

• The non-linear case (HEFT) forces the Higgs to be a singlet.

• HEFT is a more general EFT than SMEFT, but the Higgs potential is not 

an analytic function, potential breakdown around 0(1*))~3 TeV.

https://arxiv.org/abs/0910.4182v6
arxiv:1902.05936v2
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SMEFT and HEFT pros and cons

SMEFT

• SMEFT allows to optimally look for 

deviations from the SM in the Higgs, 

top and electro-weak sectors as long 

as the Higgs effectively behaves as a 

fundamental SU(2) doublet. 

• Full strength from SM in 

combinations, e.g. H, HH and the 

electroweak sector.

• Works well for weakly coupled UV 

theories.

• Not suitable for strongly coupled UV.

HEFT

• HEFT expansion powerful when 

leading effects are Higgs and top.

• Can detect if Higgs is not SM like.

• Works well for strongly coupled UV 

theories, e.g. composite Higgs.

• Validity for high mass UV unclear.

• Conclusion: at LHC it makes sense to 

test both SMEFT and HEFT since they 

in practice focus on different things.

• But strictly physically SMEFT and 

HEFT are just special cases of a 

geometric curvature of the scalar 

fields.

https://arxiv.org/abs/1511.00724v2
https://arxiv.org/abs/1511.00724v2
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The importance of the Higgs sector

• New physics can potentially be found as a deviation in any of 
the EFT parameters. E.g. top EFT is a huge topic on its own.

• However, there are several reasons for the Higgs related EFT 
parameters to be particularly interesting:
ü The mass generation (SSB) is the fabric of the SM, but is 

Higgs fundamental or part of the Goldstones, if so where  
do they come from? I.e. is ! a result from something in 
the  UV?

ü The Higgs sector is new and e.g. the Higgs potential shape 
is not confirmed to be as predicted by the SM. We 
currently only constrain the position and the curvature at 
the VEV.

Remember: the EFT captures the full theory - it is all there as 
long as the EFT condition is fulfilled (no new DOF).
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Experimental signatures and observables

• To test if any Higgs sector related 
!"
#$ deviates from 0 one needs 

experimental data to confront the EFT predictions.

• What kind of data?

• The starting point is to predict which final states and phase-space 
(PS) regions that are sensitive to 

!"
#$ using Monte Carlo (MC).

• The measurable physical quantities are differential cross-sections.

• Measurements can be either binned or un-binned (event based):

ü Discrete PS integrated bins are easier to work with and can be 

adjusted for the experimental situation, but are not optimal.

ü Un-binnned (event-by-event) measurements are more 

complicated, but can better allow for close to optimal results. 
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Experimental data are folded by detector effects

• Experimental data are folded with detector effects. There are two 

ways out:

ü Unfold data back to particle level cross-section (PL XS) and 

compare PL XS data to PL EFT model. The PL XS data is “model 

independent”. Works well when the resolution is sufficiently 

high (regularization systematics small) and subtracted 

background has negligible EFT model dependence.

ü Fold the model and compare folded data to folded model. This 

is the most accurate method for extracting the output model 

parameters. Drawback is that the result cannot be repeated 

for a different model without an accurate public folding 

prescription and combining to other measurements with 

correct systematics treatment is difficult.
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Constraining EFT parameters from experimental data

• If we use binned unfolded data, each bin likelihood is 
! "# $, &) where # is each measured bin, $ is the EFT parameter 
vector and & is a vector of nuisance parameters.

• Bins (measurements) are combined by multiplying the likelihoods.
• In the extreme SMEFT case we will need at least 1350 bins with 

different EFT parameter dependence to solve the equations and 
extract the parameters, the more bins the better.

• The other extreme is that we fix all other parameters to 0 except 
$(. If we are lucky we might manage to prove it different from 0, in 
particular if one is dominating. However, we have little knowledge 
of the actual $( value until we understand its dependence on all 
the other parameters. Again, useful to test both scenarios.



• “Unfold” data to on-shell H, factorize in production modes.
• Aims at good balance between performance and the ability to 

combine many measurements. This is a LHC wide approach.
• Here showing an ATLAS STXS example:
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Example of binned data, single H templates: STXS

https://cds.cern.ch/record/2669925
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
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Example: ATLAS single H STXS SM data

37 data bins

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/


• Each SM model bin ! reweigthed according to SMEFT predictions:

• Confidence limits from combined likelihood ratio fit.
• The EFT precision matrix can be propagated from measured SM 

STXS data:
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ATLAS single H STXS SMEFT prediction

Channel �int/�SM
H ! �� �13.996 · cHW � 48.809 · cHB + 26.144 · cHWB

H ! 4` 0.119 · cHbox + 0.005 · cHDD � 0.296 · cHW � 0.197 · cHB + 0.296 · cHWB + 0.126 · cHl1 �

0.234 · cHl3 � 0.101 · cHe + 0.181 · cll1
H ! `⌫`⌫ 0.121 · cHbox � 0.031 · cHDD � 0.095 · cHW + 0.006 · cHB + 0.002 · cHWB � 0.228 · cHl3 �

0.004 · cHe + 0.181 · cll1
H ! ⌧⌧ 0.121 · cHbox � 0.030 · cHDD � 0.121 · |ceH | � 0.121 · cHl3 + 0.061 · cll1
H ! bb̄ 0.121 · cHbox � 0.030 · cHDD � 0.121 · |cdH | � 0.121 · cHl3 + 0.061 · cll1
Total 0.117 · cHbox � 0.029 · cHDD + 1.362 · cHG � 0.050 · cHW � 0.063 · cHB + 0.052 · cHWB �

0.005 · |ceH | � 0.008 · |cuH | � 0.085 · |cdH | � 0.146 · cHl3 + 0.013 · cHq3 + 0.076 · cll1

Table 5: Parametrisation of the decay widths of the considered Higgs boson decays as well as for the total Higgs
boson width. Only terms with factors greater than 0.1% in front of the Wilson coe�cient are considered. While
expected to be non-negligible in some of the decay channels (e.g. H ! 4`), the acceptance dependence on the
Wilson coe�cients is neglected in this parametrisation. This parametrisation is valid for ⇤ = 1 TeV.

2.3 Parametrisation of the event yields

Assuming the Higgs boson to be a narrow-width, scalar particle as in the SM, its production cross sections
factorise from its partial decay widths. The parametrisation of the cross-section in a given STXS bin p

and a given decay mode H ! f can thus be derived from those of the production and decay processes
separately as
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where B
H! f

SM and B
H! f

int are respectively the SM and interference contributions to the H ! f branching
ratio.
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3 Constraints on the Wilson Coe�cients from STXS measurements

Constraints on Wilson coe�cients can be obtained from the STXS measurements in the H ! �� channel
of Ref. [8] and in the combination of decay channels of Ref. [5]. These measurements are based on
likelihoods in which the expected yield in each STXS bin includes a signal strength modifier, which can be
reparametrised using Equation 9, to account for SMEFT modifications to both production and decay; or
Equation 4, to account for SMEFT modifications to production only. A fit is then performed to constrain
the SMEFT parameters.

In the following, the H ! �� measurement is considered alone since it already provides a good sensitivity
to some SMEFT parameters, and as a benchmark for the methodology itself. Since neither the H ! ��
nor the combined measurement allow to constrain all Wilson coe�cients, only a subset of the parameters
must be included in the analysis.

The following sections present a method to define an appropriate subset of parameters, and its application
to the analyses listed above. Since this note only aims to discuss these methodological aspects, the full
results of the fits are not presented.

3.1 Choice of fitted Wilson coe�cients

Combinations of Wilson coe�cients to which measurements are not sensitive manifest themselves as flat

directions in the likelihood, along which the likelihood exhibits no curvature as one moves away from
regions where the likelihood is maximal. These directions can in principle be identified using the Fisher
information matrix of the likelihood at its maximum, defined as the inverse of the covariance matrix
produced by minimization algorithms such as Minuit.

However the minimization is generally unstable due to the presence of the flat directions, so an alternate
procedure is followed. One starts from the Fisher information matrix C

�1
STXS of the original measurement

likelihood, parametrised in terms of the STXS parameters. Since this likelihood is free of flat directions,
CSTXS can be obtained using the HESSE method within Minuit [12]. The Fisher information matrix of
the SMEFT measurement is then obtained by propagating the parametrisation of the STXS cross sections
through C

�1
STXS. For the case of a parametrisation involving only the production cross-section, one has

C
�1
EFT = P

T
C
�1
STXS P, (10)

with the parametrisation matrix

P =

©≠≠≠≠
´

A
�1
1 A

�1
2 A

�1
3 . . .

A
�2
1 A

�2
2 A

�2
3 . . .

A
�3
1 A

�3
2 A

�3
3 . . .

...
...

...

™ÆÆÆÆ
¨
, (11)

where the A
�p

i
are the linear parameters from Equation 3. The rows of P run over STXS regions, as do the

dimensions of C
�1
STXS. For the case of parameterizing both production and decay, the elements of P are the

A
�p ·B

H! f

i
and its rows run over the production and decay combinations �p · B

H! f , as do the dimensions
of C

�1
STXS.

In the approximation of a Gaussian likelihood for the STXS measurement, C
�1
EFT is the exact Fisher

information matrix of its SMEFT re-parametrisation. The sensitivity of the measurement to combinations
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https://cds.cern.ch/record/2694284
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ATLAS single H/EW boson/EWPO SMEFT relative impact examples 

• Latest ATLAS SMEFT 
limits includes Higgs and 
EW boson and EW 
precision observables.

• Here showing examples 
of the SMEFT impact in 
the different bins.

• Note that this is just a 
small example set of the 
included SMEFT 
operators.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-037/
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ATLAS single H/EW boson/EWPO SMEFT reducing DOF 

• The system is under 
determined, i.e. lacks 
measurements to 
span the EFT space.

• To avoid flat 
directions in the fit 
the EFT precision 
matrix is eigenvector 
regularized into a 
new reduced basis.

SMEFT parameters

Fi
t p

ar
am

et
er

s

LHC only

LHC + EWPO

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-037/
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ATLAS single H/EW boson/EWPO SMEFT likelihood examples 
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ATLAS single H/EW boson/EWPO SMEFT fit results 
LHC only LHC + EWPO

When quadratic terms matter, impact of
d=8 should be estimated (or assumed small)
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Tree level “intuitive” meaning of the EFT parameters

• We use tree level Feynman diagrams to guide our intuition about 
different processes.

• Firstly, Feynman diagrams represent series expansions of the 
Lagrangian. The Lagrangian does not represent physics until gauge 
fixed and renormalized.

• Different choices gives different Feynman rules for the same physics.
• In the case of HEFT and SMEFT, HEFT can represent physics which is 

not part of the SMEFT Lagrangian.
• HEFT is expanded in loops in the broken phase, so at tree level it is 

intuitively close to naïve coupling scaling (!-framework).
• In weak couplings, a linearized comparison can done (interpreted with 

care!)
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Tree level “intuitive” meaning of the EFT parameters

• To get a feeling for the SMEFT parameters one can linearly expand the 
HEFT Lagrangian assuming weak couplings.

• However, this is mainly for intuition, in practice better to test both.
• Here an HEFT example from di-Higgs production

with

CH,kin := CH,⇤ �
1

4
CHD ,

the Higgs kinetic term acquires its canonical form (up to O (⇤�4) terms). After that, the

couplings can be related through a comparison of the coe�cients of the corresponding

terms in the Lagrangian, which leads to the expressions given in Table 1. Note that

in the Warsaw basis CHG implicitly contains a factor of ↵s relative to cggh and cgghh
and therefore the translation becomes scale-dependent even if no (electroweak) RGE

running of the Wilson coe�cients is included.

HEFT Warsaw

chhh 1 � 2 v
2

⇤2
v
2

m
2
h
CH + 3 v

2

⇤2 CH,kin

ct 1 + v
2

⇤2 CH,kin �
v
2

⇤2
vp
2mt

CuH

ctt �
v
2

⇤2
3v

2
p
2mt

CuH + v
2

⇤2 CH,kin

cggh
v
2

⇤2
8⇡
↵s

CHG

cgghh
v
2

⇤2
4⇡
↵s

CHG

Table 1: Translation at Lagrangian level between di↵erent operator basis choices.

The translation given in Table 1 suggests that there is no explicit dependence on

the scale ⇤ in the HEFT Wilson coe�cients. As mentioned above, the e↵ective HEFT

Lagrangian is expanded in powers of f 2/⇤2
' 1/(4⇡)2, with ⇤ ' 4⇡f the scale of

new physics and f a reference scale for energies where the EFT expansion is valid; for

the case of strongly coupled UV completions f corresponds to the scale of dynamical

symmetry breaking. In section 4, we will still use the translation for a specific value of

the scale ⇤ to compare SMEFT and HEFT results.

However, it should be pointed out that a translation between the coe�cients at

Lagrangian level must be applied with care. The EFT parametrisations have a validity

range limited by unitarity constraints and the assumption that Ci/⇤2 in SMEFT is a

small quantity. Furthermore, due to di↵erent assumptions about the transformation of

the Higgs field under the EW symmetry transformations, there are relations between

certain coe�cients in SMEFT, which are not present in HEFT. Therefore a naive

translation from HEFT (which is, in this regard, the more general theory) to SMEFT

can lead out of the validity range of SMEFT for certain points in the coupling parameter

space, even though they are perfectly valid points in HEFT.
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ct chhh ctt

ct

ct

cggh chhh cgghh

Figure 3.1: Higgs boson pair production in gluon fusion at LO in the chiral
Lagrangian. The circles indicate vertices from anomalous couplings present
already at leading chiral dimension (d� = 2) in the Lagrangian, the squares
denote e↵ective interactions from contracted loops.

The bottom quark is considered massless in all mtdep modes. The Higgs275

bosons are generated on-shell with zero width. Decays of the Higgs bosons276

can be considered through a parton shower (interfaces to Pythia 8 [73] and277

Herwig 7 [74] are contained in the code) in the narrow-width approximation.278

However, the decay is by default switched o↵ (see the hdecaymode flag in279

the example powheg.input-save input card in testrun).280

The masses of the Higgs boson and the top quark are set by default281

to mh = 125 GeV and mt = 173GeV, respectively, and the top quark282

width is set to zero. The full SM two-loop virtual contribution has been283

Eq. (2.8) Ref. [22] Ref. [64]

chhh � c3

ct t ct

ctt c2 ctt/2

cggh
2
3cg 8cg

cgghh �
1
3c2g 4cgg

Table 3.1: Translation between di↵erent conventions for the definition of the
anomalous couplings.
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EFT constraints from di-Higgs production, ATLAS example

• Given the single Higgs constraints, the current di-Higgs dominating 
contribution is on !""" ≈ $%

• But as precision increases the $%-framework will not be sufficient and it 
has to be replaced by a proper EFT model and full model dependence.

• Analysis efforts are on-going to transition to di-Higgs EFTs. 

(a) (b)

Figure 6: Observed (a) and expected (b) constraints in the ^_–^C plane from single-Higgs (blue) and double-Higgs
(red) analyses, and their combination (black). The solid (dashed) lines show the 68% (95%) CL contours. The
double-Higgs contours are shown for values of ^C smaller than 1.2. The observed constraint for the single- and
double-Higgs combination for ^C values below unity is slightly less stringent than that for the single-Higgs fit alone
due to the slightly higher best-fit value for this coupling modifier.

recent work [69], shows that a consistent parameterisation of the ^+ and ^2+ coupling modifiers seems to
be possible, though the sensitivity of single-H processes to k2V is shown to be very small.

In the combination of the single-Higgs and double-Higgs analyses, an observed (expected) exclusion of
�1.4 < ^_ < 6.1 ( �2.2 < ^_ < 7.7) is obtained at 95% CL in this less model-dependent fit. The values of
all the other coupling modifiers agree with the SM prediction within uncertainties. The values of the test
statistic as a function of ^_ for this generic model are also shown in Figure 5. It was checked that for a
generic model in which ^2+ also floats freely in the double-Higgs parameterisation, the observed exclusion
constraints on ^_ weaken by less than 5%. In this approach, the ++�� vertex is parameterised in terms of
the ^2+ coupling modifier for the VBF �� process but the single-Higgs NLO EW corrections are not.

Table 2: Summary of ^_ observed and expected constraints and corresponding observed best-fit values with their
uncertainties. In the first column, the coupling modifiers that are free floating in addition to ^_ in the corresponding
fit are reported. The uncertainties on ^_ are extracted from the test statistic curves, which are not expected to follow
Gaussian distributions.

Combination assumption Obs. 95% CL Exp. 95% CL Obs. value+1f
�1f

�� combination �0.6 < ^_ < 6.6 �2.1 < ^_ < 7.8 ^_ = 3.1+1.9
�2.0

Single-� combination �4.0 < ^_ < 10.3 �5.2 < ^_ < 11.5 ^_ = 2.5+4.6
�3.9

��+� combination �0.4 < ^_ < 6.3 �1.9 < ^_ < 7.6 ^_ = 3.0+1.8
�1.9

��+� combination, ^C floating �0.4 < ^_ < 6.3 �1.9 < ^_ < 7.6 ^_ = 3.0+1.8
�1.9

��+� combination, ^C , ^+ , ^1, ^g floating �1.4 < ^_ < 6.1 �2.2 < ^_ < 7.7 ^_ = 2.3+2.1
�2.0
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Conversely, the ^_-modifier can a�ect the Higgs boson production kinematics and thus modify the analysis
e�ciency times acceptance in a given STXS bin. This residual dependence was evaluated and found
to be negligible for single-Higgs processes, as described in Ref. [51]. Thus the single-Higgs selection
acceptances and e�ciencies are assumed to be constant as a function of ^_ in each STXS bin. A detailed
description of the parameterisation of the single-Higgs processes as a function of the ^_ coupling modifiers
used in this Letter can be found in Ref. [52]. As discussed in Ref. [21], for small deviations of ^< from
one, the dependence of NLO EW corrections on these coupling modifiers can be neglected. The model
under discussion does not allow for any new physics beyond that encoded in the aforementioned ^_ and ^<
parameters. The dependence of the decay branching ratios and the Higgs boson self-energy on ^_ is also
taken into account for the double-Higgs analyses when combining them with the single-Higgs results.

A Higgs boson mass value of <� = 125.09± 0.24 GeV [15] is used for all results presented in this Letter.

3 Data samples and combined analyses

The results, presented in Sections 5 and 6, are obtained using the full Run 2 dataset collected by the
ATLAS experiment [53–55] from LHC 13 TeV ?? collisions in the 2015–2018 data-taking period. The
integrated luminosity corresponds to 126–139 fb�1, depending on the trigger selection. A two-level trigger
system [56] is used to select events. An extensive software suite [57] is used in the reconstruction and
analysis of real and simulated data, in detector operations, and in the trigger and data acquisition systems
of the experiment.

Each input analysis used in the combination is summarised in Table 1. Details about the individual analyses
can be found in the references reported in the same table. Each analysis separates the selected events into
di�erent kinematic and topological regions, called categories.

Table 1: Integrated luminosity of the dataset used for each input channel in the combination. The last column provides
references to publications describing each channel in detail.

Channel Integrated luminosity [fb�1] Ref.

�� ! 11̄WW 139 [17]
�� ! 11̄g+g� 139 [18]
�� ! 11̄11̄ 126 [19]

� ! WW 139 [58]
� ! //⇤ ! 4✓ 139 [59]
� ! g+g� 139 [60]
� ! ,,⇤ ! 4a`a (ggF,VBF) 139 [61]
� ! 11̄ (+�) 139 [62]
� ! 11̄ (VBF) 126 [63]
� ! 11̄ (CC�) 139 [64]
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EFT constraints from di-Higgs production

• EFT Constraints from di-Higgs is not as developed as in single Higgs due 
to the experimental sensitivity is lower for most EFT parameters.

• But, di-Higgs is starting to become very interesting due to several 
reasons:
1. its unique sensitivity already at tree level to the triple Higgs 

coupling which is related to the Higgs potential shape.
2. Ability to disentangle SMEFT from HEFT if e.g. !""# ≠ !""##.

• A summary of the current status of NLO codes where finite top mass 
effect are included, and how they can be used at LHC is given here.

K-factors

12

K-factors as functions of the BSM couplings

figure: L.Scyboz

vary substantially (much less variation in heavy top limit) 

Contrary to single Higgs, 
the di-Higgs leading theory 
systematic is expected to 
be finite top mass effects. 
Available in POWHEG-BOX.

https://cds.cern.ch/record/2843280/
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EFT event re-weighting

• As shown already for single Higgs, a very nice property of EFTs is that 
they allow for re-weighting since no new particles are created.

• As long as the density is known at each phase-space point and non-zero, 
events can be re-weighted. This allows also for fully differential analyses, 
even un-binned versions, given just the SM detector simulated sample.

• Here are examples of a few HEFT binned benchmark points of !""
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Figure 4.1: Comparison of the mhh distribution of the generated benchmark
model (BM) samples 1⇤-4⇤ and the reweighted SM sample. The bin-by-bin
ratio of the generated and reweighted samples is shown in each lower panel.
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Figure 4.1: Comparison of the mhh distribution of the generated benchmark
model (BM) samples 1⇤-4⇤ and the reweighted SM sample. The bin-by-bin
ratio of the generated and reweighted samples is shown in each lower panel.
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Figure 4.2: Comparison of the mhh distribution of the generated benchmark
model (BM) samples 5-7 and the reweighted SM sample. The bin-by-bin
ratio of the generated and reweighted samples is shown in each lower panel.
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HEFT constraints from di-Higgs production: ATLAS example

(a) (b)

Figure 13: Upper limits at 95% CL on the ggF �� cross-section as a function of the 266⌘⌘ (a) and 2CC⌘⌘ (b) HEFT
Wilson coe�cients, obtained from the combination of the �� ! 11̄WW and �� ! 11̄g+g� analyses. The expected
limits are obtained assuming no ggF �� production. The theory prediction curve in red presents the situation where
all Wilson coe�cients are set to their SM values except for the one under study.

18

production modes are present. Higgs boson pair production is the most promising process to measure the
Higgs boson self-coupling because it gives access to 2⌘⌘⌘ at tree level. Furthermore, the �� process gives
unique access to the two other Wilson coe�cients, 266⌘⌘ and 2CC⌘⌘. On the contrary, single Higgs boson
processes have better sensitivity to the remaining two coe�cients, 266⌘ and 2CC⌘. The HEFT formalism
allows to interpret general searches in di�erent BSM scenarios by simultaneously varying multiple Wilson
coe�cients.

g

g H

H

H

cggh chhh

g

g H

H

cgghh

g

g H

H

ctthh

Figure 2: HEFT coupling parameters in BSM leading-order Feynman diagrams for Higgs boson pair production
through gluon-gluon fusion.

Since several LO Feynman diagrams with di�erent mass dependencies contribute to �� production,
variations of the HEFT Wilson coe�cients change their relative contributions and interference, thereby
modifying the resulting invariant mass spectrum, <�� .

Cluster analysis [19] is used to define groups of di�erent HEFT models according to their impact on the
shape of the <�� distribution. At next-to-leading order (NLO), 7 HEFT benchmark (BM) models [20],
defined in Table 1, describe representative shape features of the <�� distribution, and can be used to
explore multiple BSM scenarios. This largely reduces the number of signal points to probe while providing
a wide variety of characteristic shapes of the <�� distribution. Experimental constraints on the 5 HEFT
couplings can rule out the existence of individual benchmark models defined by a given set of coupling
values. However, many other combinations of the coupling values can give rise to similar <�� shapes as
in the benchmarks. Hence, the study of benchmark models still provides valuable new constraints on BSM
physics.

Table 1: Values of the HEFT Wilson coe�cients in the SM and in seven BSM benchmark models.

Benchmark model 2⌘⌘⌘ 2CC⌘ 266⌘ 266⌘⌘ 2CC⌘⌘

SM 1 1 0 0 0
BM 1 3.94 0.94 1/2 1/3 �1/3
BM 2 6.84 0.61 0.0 �1/3 1/3
BM 3 2.21 1.05 1/2 1/2 �1/3
BM 4 2.79 0.61 �1/2 1/6 1/3
BM 5 3.95 1.17 1/6 �1/2 �1/3
BM 6 5.68 0.83 �1/2 1/3 1/3
BM 7 �0.10 0.94 1/6 �1/6 1

The �� searches performed with the ATLAS Run 2 data in the 11̄WW [21] and 11̄gg [22] final states
and their combination [23] produce constraints on the �� production cross-section and on 2⌘⌘⌘. The

3
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Towards precision EFT analyses

As always, as precision increases many new issues become important that 

previously were sub-dominant:

• Complete understanding of all relevant EFT parameters on 

observables.

• QCD NLO in general, and EWK NLO in distributions.

• Treatment of EFT effects on the propagators.

• EFT effects on the backgrounds.

• EFT effects on signal efficiencies.

• EFT effects from d=8 operators.

• How to handle parameters and distributions in higher dimensions in 

the likelihood fits and simultaneously include systematics in a 

consistent way.
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HL-LHC projections

• Remaining in the !"-framework there are projections available for HL-
LHC (again an ATLAS example)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
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Strong scattering (SS), an alternative probe via the goldstones

• Away from the SM Higgs, the scalar goldstones (Sigma model) hiding in 
the longitudinal modes of the gauge bosons can pick up a strong ! or !"
dependence (e.g. is explicit using the goldstone boson equivalence 
theorem). Examples are tW scattering and HwH

• For LHC not clear if SS competitive, but definitely for future machines

Higgs Couplings without the Higgs

Brian Henning, Davide Lombardo, Marc Riembau, and Francesco Riva
Départment de Physique Théorique, Université de Genève,
24 quai Ernest-Ansermet, 1211 Genève 4, Switzerland

The measurement of Higgs couplings constitute an important part of present Standard Model
precision tests at colliders. We show that modifications of Higgs couplings induce energy-growing
e↵ects in specific amplitudes involving longitudinally polarized vector bosons, and we initiate a novel
program to study these very modifications of Higgs couplings o↵-shell and at high-energy, rather
than on the Higgs resonance. Our analysis suggests that these channels are complementary and, at
times, competitive with familiar on-shell measurements; moreover, they o↵er endless opportunities
for refinements and improvements.

I. INTRODUCTION

The precise measurement of the Higgs boson cou-
plings to other Standard Model (SM) particles is
an unquestionable priority in the future of particle
physics. These measurements are important probes
for our understanding of a relatively poorly mea-
sured sector of the SM; at the same time they o↵er
a window into heavy dynamics Beyond the Standard
Model (BSM). Indeed, it is well-known that the ex-
change of heavy states (with masses beyond the di-
rect collider reach) leaves imprints in low-energy ex-
periments, in a way that is systematically captured
by an E↵ective Field Theory (EFT).

There are a number of similar ways in which
one can parametrize modifications of Higgs cou-
plings (HC): via partial widths 2

i
= �h!ii/�SM

h!ii
[1],

via Lagrangian couplings in the unitary gauge ghii [2,
3], via pseudo observables [4], or via the e↵ective field
theory L =

P
i
ci Oi/⇤2, consisting of dimension-6

operators [3, 5]. In particular, the operators

Or = |H|
2@µH

†@µH Oy = Y |H|
2 LH R

OBB = g0 2|H|
2Bµ⌫B

µ⌫
OWW = g2|H|

2W a

µ⌫
W aµ⌫

OGG = g2
s
|H|

2Ga

µ⌫
Gaµ⌫

O6 = |H|
6 (1)

with Y the Yukawa for fermion  , can be put in
simple correspondence with the s, as they modify
single-Higgs processes without inducing other elec-
troweak symmetry breaking e↵ects.

The well-established method for testing HC is, of
course, to measure processes in which a Higgs boson
is produced on-shell.

In this letter we initiate a novel program to test
the very same Higgs couplings, o↵-shell and at high-
energy, via their contributions to the physics of lon-
gitudinally polarized gauge bosons. We will show

HC HwH Growth

t Oyt ⇠
E2

⇤2

� O6 ⇠
vE
⇤2

Z�

��

V

OWW

OBB

Or

⇠
E2

⇤2

g Ogg ⇠
E2

⇤2

TABLE I. Each e↵ect (left column) can be measured as an

on-shell Higgs Coupling (diagram in the HC column) or in a

high-energy process (diagram in the HwH column), where it

grows with energy as indicated in the last column.

that this program is potentially competitive with on-
shell measurements. Moreover—and perhaps equally
important—this program contains numerous avenues
for refinements and improvements: it can benefit
maximally from accumulated statistics, from im-
proved SM computations of di↵erential distributions,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6–11]),
and from dedicated experimental analyses. Further-
more, given the complexity of the final states, we ex-
pect advanced machine learning techniques [12–14]
could drastically improve our simple cut and count
analysis. Additionally, in the context of a global pre-
cision program, the high-energy aspects that we dis-
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colliders,

t : pp ! jt+ VLV
0

L
(4)

(e+e� ! ll + {tbWL, tbZL, ttWL, ttZL})

� : pp ! jjh+ VLV
0

L
, (e+e� ! llhVLV

0

L
) (5)

pp ! jj + 4VL, (e+e� ! ll 4VL) (6)

��,Z� : pp ! jj + V 0V, (e+e� ! llV 0V ) (7)

V : pp ! jj + VLV
0

L
, (e+e� ! llVLV

0

L
) (8)

g : pp ! W+
L
W�

L
, ZLZL, (e+e� ! lljj) (9)

where VLV 0

L
⌘ {W±

L
W±

L
,W±

L
W⌥

L
,W±

L
ZL, ZLZL}

(similarly 4VL a generic longitudinally polarized fi-
nal state) and V (0) any (longitudinal or transverse)
vector, including photons, while l denotes either a
charged lepton `± or a neutrino, depending on the
final state. To help visualize our discussion in terms
of HC, Fig. 1 shows a diagram exhibiting E-growth
in unitary-gauge. Notice that the amplitudes associ-
ated with the modified couplings grow quadratically
with energy E2 (with the exception of Eq. (5), see
later).

In the following paragraphs we explore these pro-
cesses in turn and provide a first estimate of the
potential HwH reach at the HL-LHC in comparison
with the reach from Higgs couplings measurements.
Our results are based on leading order (LO) Mad-
Graph simulations [23], where the Higgs couplings
have been modified using FeynRules [13] and checked
against the model of Ref. [24].

FIG. 2. Process sensitive to the top Yukawa, Eq. (4). The

boosted single top and the forward jet tag the event. The anal-

ysis is binned in the number of leptons, from the vector boson

decays.

The top Yukawa. Modifications of the Yukawa
coupling of the Higgs boson to top quarks is reput-
edly di�cult to measure on the h resonance [25];
however, an anomalous top quark Yukawa induces

a quadratic energy growth in the five point ampli-
tude A(bVL ! tVLVL) involving a bottom quark, a
top, and three longitudinal bosons. This amplitude
leads to a process with a final state consisting of a
top quark, a forward jet and two longitudinally po-
larized vector bosons, see Eq. (4) and Fig. 2. Notice
that these have a smaller energy threshold compared
with the tth final state used in HC measurements.2

The top carries a large transverse momentum pt
T

due to the hardness of the process, which makes it a
good discriminator. We consider two categories, for
pt
T

> 250(500) GeV. A forward jet with |⌘j | > 2.5,
pj
T
> 30 GeV and Ej > 300 GeV is required.
The signal is classified by counting the number of

extra leptons reconstructed in the event. The follow-
ing table shows the number of signal events at the 14
TeV HL-LHC with 3000 fb�1, for pt

T
> 250/500 GeV,

Process 0` 1` `±`⌥ `±`± 3`(4`)
W±W⌥ 3449/567 1724/283 216/35 - -
W±W± 2850/398 1425/199 - 178/25 -
W±Z 3860/632 965/158 273/45 - 68/11
ZZ 2484/364 - 351/49 - (12/2)

The categories with two or more leptons have small
background. For the hadronic modes—which domi-
nate the 0 and 1 lepton channels—the largest source
of background comes from t̄tjj ! tWbjj where the
b quark gets misidentified as an ordinary jet and the
two lowest rapidity jets reconstruct a W/Z-boson.
After applying the event topology selection cuts—
the required forward jet, the invariant mass of the
two lower rapidity jets reconstructs an EW gauge bo-
son mass, and a boosted top—the cross-section is 470
fb (22 fb) for pt

T
> 250 GeV (> 500 GeV), roughly

80 (20) times that of the signal. However, in or-
der to fall into the signal region, the b quark must
be misidentified as a regular jet and the pair of lower
rapidity jets must mimic a hadronically decaying vec-
tor. The b misidentification rate is order 10% for a
90% light jet acceptance [27]. Vector boson tagging
techniques [28] can identify a hadronically decaying
vector with a 102 background rejection for a 40%
signal e�ciency. A conservative estimate of the com-
bined e↵ect of these cuts brings the background to
comparable or smaller size than the signal.

We broadly parametrize this and other back-
grounds by a uniform rescaling B of the SM signal

2
See also Ref. [26] that studies thj final states which exhibits

linear E-growth with modifications of the top-Yukawa.

https://arxiv.org/abs/1511.03674
https://arxiv.org/abs/1812.09299
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Regarding the Higgs potential shape

• If we are lucky, the LHC might find a significant deviation in the EFT 
operator related to the Higgs potential.

• But to actually interpret its value requires precision from future colliders.
• It is interesting to note that not all potentials are properly described by 

SMEFT,  in some cases HEFT is required (Phys. Rev. D 101, 075023)

scenarios based on different types of Higgs potential. To be
specific, we consider the following Higgs scenarios:
(1) Elementary Higgs boson, in which the Higgs boson

is taken as an elementary scalar with rescaled self-
couplings. The Higgs mass parameter is negative
and thus triggers EWSB.

(2) Nambu-Goldstone Higgs, in which the Higgs boson
is taken as a pseudo-Nambu-Goldstone (PNG) boson
[9,10] emerging from strong dynamics at a high scale
(see Refs. [11–13] for comprehensive reviews).

(3) Coleman-Weinberg (CW) Higgs, in which EWSB is
triggered by renormalization group (RG) running
effects [14–16] with classical scale invariance.

(4) Tadpole-induced Higgs, in which EWSB is triggered
by the Higgs tadpole [17,18], and the Higgs boson
mass parameter is taken to be positive.

In general, the Higgs potentials could be organized accord-
ing to their analytic structure. The key structure of the
Higgs potential in each scenario is as follows:

VðHÞ ≃

8
>>>>><

>>>>>:

−m2H†H þ λðH†HÞ2 þ c6λ
Λ2 ðH†HÞ3; Elementary Higgs

−asin2ð
ffiffiffiffiffiffiffiffiffiffi
H†H

p
=fÞ þ bsin4ð

ffiffiffiffiffiffiffiffiffiffi
H†H

p
=fÞ; Nambu-Goldstone Higgs

λðH†HÞ2 þ ϵðH†HÞ2 log H†H
μ2 ; Coleman-Weinberg Higgs

−κ3
ffiffiffiffiffiffiffiffiffiffi
H†H

p
þm2H†H; Tadpole-induced Higgs

ð1:1Þ

where f denotes the decay constant of the NGHiggs boson;
μ denotes the renormalization scale in case EWSB is
triggered by radiative corrections; and m2, λ, c6, Λ, a, b,
ϵ, and κ are dimensionful or dimensionless parameters in
each new physics scenario. The shapes of the Higgs
potential are schematically illustrated in Fig. 1. In both
the elementary and Nambu-Goldstone Higgs cases, the
Higgs potential could be expanded in the powers of H†H,
which could recover the Landau-Ginzburg effective theory
description if a truncation on the series provides a good
approximation. The decoupling limit of these two scenarios
corresponds to the case when new physics sets in at a much
higher energy scale than the EW scale. However, such a
decoupling limit does not exist in either the Coleman-
Weinberg Higgs or the tadpole-induced Higgs scenario. In
all the above cases, the trilinear and quartic Higgs cou-
plings could be very different from those in the SM.
All the above mentioned scenarios can be described in an

effective field theory (EFT) framework. One of the most
popular EFT frameworks is the SMEFT [19–21], which
assumes that new physics decouple at a high-energy scale,
and EW symmetry is in the unbroken phase. The SMEFT is
suitable for describing the elementary Higgs and the
Nambu-Goldstone Higgs scenarios, when the Higgs non-
linearity effect can be neglected [22]. On the other hand, the

Coleman-Weinberg Higgs and the tadpole-induced Higgs
scenarios cannot be described within the SMEFT frame-
work due to the existence of nondecoupling effects. Hence,
to compare all four NP scenarios in one theory framework,
we utilize the EFT framework in the broken phase of EW
symmetry, which is known as the Higgs EFT [23–29].
Adopting the Higgs EFT framework, we summarize the
general Higgs effective couplings in various scenarios and
parametrize the scaling behavior of multi-Higgs production
cross sections at various high-energy hadron colliders.
In this work, we study how to utilize the measurements

of the hh and hhh production rates in hadron collision to
discriminate the above mentioned scenarios. The hh
production process, via gluon-gluon fusion, has been
extensively studied in the literature for measuring the
trilinear Higgs boson coupling [30–49] and the tt̄hh
couplings in the EFT framework [50–52], and for probing
various new physics models [53–64]. In particular, probing
the composite Higgs models via studying the hh production
process has been studied in Refs. [62–64]. For complete-
ness, we have reproduced some of the results shown in the
literature, but with somewhat different emphasis on its
analysis so as to compare the predictions on the hh
production rates from the above mentioned Higgs potential
scenarios side by side.

FIG. 1. The shapes of Higgs potential for various scenarios studied in this work.
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Brainstorming on the optimal EFT analysis

• The EFT analyses done so far are mainly interpretation, not designed 
from scratch aiming for optimal EFT parameter exclusions.

• An asymptotically optimal (efficient) observable of the EFT parameters 
can be formulated as an un-binned extended maximum likelihood

• The deep problem is that the probabilities are high dimensional, both in 
phase-space and in the EFT parameters.

• Here one can try density estimation with machine learning or perhaps try 
more analytic and transparent methods e.g. sparse Fourier 
approximation techniques that can go a bit up in dimensions and easier 
allow for systematics treatment?

4

Extended maximum likelihood (EML) version

• Optimal (efficient and asym. no bias) extraction of  can be formulated 
as an extended maximum likelihood fit built from the signal  
and background  probabilities 





• However, this requires knowledge of  and . Those are 
available in our Monte Carlo simulations but only as discrete events, 
not as a continuous distribution. Some sort of interpolation of the MC 
events is needed. The major problem is that interpolation in high 
dimensions is haunted by the ”curse of dimensionality”. A typical 
particle physics collision has at least  dimensions. 


• Just as an example, binning ten bins in ten dimensions requires  
bins. Ten bins is still a quite coarse description. Somehow the 
dimensionality must be reduced without too much loss of optimality.

̂̄c
ps(xi, c)

pb(xi)

max
ns,nb,c

l(ns, nb, c) =
N

∑
i=1

ln (nsps(xi, c) + nbpb(xi)) − ns − nb

ps(xi, c) pb(xi)

O(10)

1010

https://arxiv.org/abs/1805.00020
https://arxiv.org/abs/2202.13801
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Conclusions

• Effective field theories are very powerful “UV agnostic” 
tools to search for new physics, and physics in general.

• The SM as EFT is an ongoing development progressing step 
by step along with the increasing precision of the data.

• But, much work remains in both the theory and 
experimental communities to develop the required tools to 
take advantage of the full EFT power in LHC analyses.
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ATLAS STXS operators
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di-Higgs Lagrangianscompleted in Refs. [35–37]. In addition, in Ref. [38] the so-called HISZ sub-112

set of operators is presented. In the Warsaw basis, the e↵ective operators113

relevant for Higgs boson pair production (neglecting the couplings to light114

fermions) are given by115

�LWarsaw =
CH,⇤
⇤2

(�†�)⇤(�†�) +
CHD

⇤2
(�†Dµ�)⇤(�†Dµ�) +

CH

⇤2
(�†�)3

+

✓
CuH

⇤2
�†�q̄L�̃ tR + h.c.

◆
+

CHG

⇤2
�†�Ga

µ⌫G
µ⌫,a

+
CuG

⇤2
(q̄L�µ⌫T aGa

µ⌫ �̃ tR + h.c.) .

(2.2)

While the Warsaw basis is constructed such that derivative operators are116

systematically removed by equations of motion, two derivative Higgs in-117

teractions remain. They contain covariant derivatives rather than simple118

derivatives and hence cannot be removed by gauge-independent field redefi-119

nitions. In order to obtain a canonically normalised Higgs kinetic term, the120

standard field redefinition (in unitary gauge) is121

� =
1

p
2

✓
0

h(1 + v2
CH,kin

⇤2 ) + v

◆
(2.3)

with122

CH,kin =

✓
CH,⇤ �

1

4
CHD

◆
. (2.4)

This field redefinition, however, generates derivative Higgs self-interactions,123

h(@µh)2 and h2(@µh)2. For easier comparison with other e↵ective descrip-124

tions, one can instead use a gauge-dependent field redefinition (which trans-125

forms Goldstone/Higgs components in a di↵erent way). However, such a126

choice needs to be made with care. While the full gauge-dependent field re-127

definition is given for instance in Ref. [39], we only need the transformation128

of the Higgs boson field:129

h ! h + v2
CH,kin

⇤2

✓
h +

h2

v
+

h3

3v2

◆
. (2.5)

This field redefinition hence leads to a dependence on CH,kin for all Higgs130

boson couplings.131

4

The SILH Lagrangian instead can be written as132

�LSILH =
c̄H
2v2

@µ(�†�)@µ(�†�) +
c̄u
v2

yt(�
†� q̄L�̃tR + h.c.) �

c̄6
2v2

m2
h

v2
(�†�)3

+
c̄ug
v2

gs(q̄L�µ⌫Gµ⌫ �̃ tR + h.c.) +
4c̄g
v2

g2s�
†� Ga

µ⌫G
aµ⌫ . (2.6)

A canonical definition of the Higgs kinetic term can be obtained by means133

of the field redefinition134

h ! h �
c̄H
2

✓
h +

h2

v
+

h3

3v2

◆
, (2.7)

again leading to a dependence on c̄H for all Higgs boson couplings. While135

the operators relevant for Higgs boson pair production are basically the same136

in the SILH and Warsaw bases, we have adopted di↵erent power counting137

rules of the coe�cients in front of the operators. For Eq. (2.2) a purely di-138

mensional power counting is used, while Eq. (2.6) reflects a UV assumption139

regarding the scaling of the operators, e.g. new physics generating an op-140

erator �†� Ga
µ⌫G

aµ⌫ , usually stems from coloured new particles that couple141

with the strong coupling constant ↵s to the gluons. In Ref. [34] for instance142

the coe�cient in front of this operator contains an extra 1/16⇡2 to reflect143

the loop-suppression of weakly coupled new physics to the e↵ective Higgs144

gluon coupling. We note that in Eqs. (2.2) and (2.6) we have considered145

only CP-even operators1 due to strong bounds on CP-violating operators146

and we have considered only modifications of the top quark Yukawa cou-147

plings. We note though that modifications of light quark Yukawa couplings148

can be probed in Higgs boson pair production, see Refs. [41–43].149

Considering now the HEFT Lagrangian, the relevant terms for Higgs150

boson pair production are given by151

�LHEFT = �mt

✓
ct

h

v
+ ctt

h2

v2

◆
t̄ t � chhh

m2
h

2v
h3 (2.8)

+
↵s

8⇡

✓
cggh

h

v
+ cgghh

h2

v2

◆
Ga

µ⌫G
a,µ⌫ .

In contrast to Eqs. (2.2) and (2.6), the couplings of one and two Higgs bosons152

to fermions or gluons become decorrelated. We also note that the top quark153

chromomagnetic dipole operator is omitted (i.e. an operator like the one154

with Wilson coe�cient c̄ug in the SILH basis or CuG in the Warsaw basis).155

1
See Ref. [40] for Higgs boson pair production allowing for CP-violation.
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