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• What to measure in di-Higgs and model dependence
• Models and energy scale validity
• SM field content (UV matched) models: HEFT and SMEFT
• Examples of tools for di-Higgs EFTs
• SM + additional field content (non UV matched) models
• Examples of tools for di-Higgs simplified models
• Future developments

HH tools for interpretation2023-12-06 2

Overview



First a reminder of some basics to set the scene:

1. There is no such thing as a model independent measurement: even 

“just” unfolding the data means one have to assume a model for 

the background subtraction.

2. I.e. all measurement are model dependent: either the 

measurements are direct model parameters, or else cross-sections 

from data with associated (hidden) model assumptions.

3. The Devils advocate: A discovery means SM rejected with 5! using 

data, no BSM is involved in this! So what do we need BSM for?

4. A BSM model is essential to guide the measurement. Neyman -

Pearson proves that the searched alternative model is needed for 

the most powerful test. Everything else is suboptimal.

5. Bottomline: what model do you assume in the measurement?
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What to measure in di-Higgs?
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Di-Higgs models and energy scale validity

EFT validity scale limit

UV (naturalness, EWBG, “!"”)
SUSY (NMSSM), CHM, …

All - N BSM non UV matched 
2HDM, TRSM, “Luca”

$

Matching scale %

All - N BSM UV matched 
SSM-EFT, 2HDM-EFT …

All BSM UV matched 
HEFT, SMEFT …

* Stockholm exp/pheno active

Completely UV matched modelsNon UV matched models 
(simplified)
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No light dof BSM models ≡ SM dof EFT at low E 

• As a consequence of requiring a gauge invariant L with masses and 
applying the Appelquist-Carazzone theorem, there are two 
fundamentally different valid EFT cases: SMEFT that preserves the H 
doublet symmetry , and HEFT that does not (actually HEFT\SMEFT). 

• HEFT will by construction violate unitary at ! "#$ ∼ 3 TeV, but up to 
that point has a more powerful expansion. E.g. a larger set of valid 
model overlap to e.g. a non decoupling 2HDM.

• One very important task is to test  the SM H doublet symmetry. This 
can be done by comparing the fit consistency of HEFT vs SMEFT in 
sensitive scenarios (e.g. HH VBF), or possibly GW cosmology.

• A big advantage of SMEFT, besides not being limited in energy scale, is 
that single H and HH are related and can benefit from combinations.
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Standard model EFT for HH: the SM H doublet case

• State-of-the art SMEFT HH is implemented in POWHEG BOX as 
“ggHH_SMEFT” at NLO QCD (recently bug fixed virtual 2-loop).

• Full NLO QCD including finite top mass. Variations of top mass scheme 
is the leading theory uncertainty. 

• Expanding around vev, after field redefinitions and in unitary gauge:

• In new version remaining dim6 operators (mass dep. now understood)
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Figure 1: Feynman diagrams of the leading SMEFT contributions to gg ! hh (Born

level). Black dots denote insertions of SM couplings, gray dots (potentially) tree-

induced EFT operators, gray squares denote insertions of loop-induced couplings (here

CHG).

Higgs field in unitary gauge [13], the relevant interaction terms of the Lagrangian have

the form
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(2.4)

which is valid up to O(⇤�4) di↵erences. Here v denotes the full vacuum expectation
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which is valid up to O(⇤�4) di↵erences. Here v denotes the full vacuum expectation
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Expanding the Higgs doublet in eq. (2.2) around its vacuum expectation value and

applying a field redefinition to the physical Higgs boson

h ! h + v2
CH,kin

⇤2

✓
h +

h2

v
+

h3

3v2

◆
, (2.5)

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.
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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
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SM dof EFT for HH: the singlet H case (HEFT)

• State-of-the art HEFT HH is implemented in POWHEG BOX as “ggHH” at 

NLO QCD (also recently bug fixed virtual 2-loop).

• Full NLO QCD including finite top mass. Variations of top mass scheme 

is the leading theory uncertainty. 

• Extended Lagrangian:

• Most striking is that htt (hgg) not related to hhtt (hhgg). In case of 

significant difference measured it can be tested!

• Mass scale breakdown around ! "#$ ∼ 3 TeV still far away for many 

still open scenarios so not a major problem.

• More effective expansion ordering than SMEFT (in loops).

in QCD. Chiral counting is equivalent to an expansion in loop orders L, which can be

conveniently counted by assigning chiral dimensions d� ⌘ 2L + 2 to fields and weak

couplings. This assignment is simply 0 for bosons, and 1 for each derivative, fermion

bilinear and weak coupling:

d�(Aµ,', h) = 0 , d�(@,  ̄ , g, y) = 1 . (2.5)

Here Aµ represents a generic gauge field, ' the Goldstone bosons, and h the Higgs

scalar. g denotes any of the SM gauge couplings g, g
0, gs, and y any other weak

coupling, such as the Yukawa couplings or the square-roots of the parameters fV,n in

the Higgs potential.

Based on this counting, the leading-order expression (2.1) can be constructed from the

SM field content and symmetries as the most general Lagrangian of chiral dimension 2.

Leading processes are described by tree-level amplitudes from (2.1). Next-to-leading

order e↵ects come from one-loop contributions of (2.1) and from tree-level terms of the

NLO Lagrangian L4. Both are considered to be of ‘one-loop order’, or chiral dimension

d� = 4.

We next apply this framework to Higgs-pair production gg ! hh. Since this process is

loop-induced, at leading order both one-loop diagrams built from the LO interactions,

as well as tree contributions from the NLO Lagrangian have to be taken into account.

The relevant terms from the e↵ective Lagrangian L2 + L4 are given by [77]

L � �mt
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h

v
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h
2
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t̄ t� chhh

m
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h
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h
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v
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h
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G

a
µ⌫G

a,µ⌫
. (2.6)

The first three couplings, ct, ctt, chhh, are from L2, the Higgs-gluon couplings cggh and

cgghh from L4 [19, 76]. To lowest order in the SM ct = chhh = 1 and ctt = cggh =

cgghh = 0. In general, all couplings may have arbitrary values of O(1). Note that we

have extracted a loop factor from the definition of the Higgs-gluon couplings.

The leading-order diagrams are shown in Fig. 1. All diagrams are at the same order in

the chiral counting (chiral dimension 4, equivalent to one-loop order). They illustrate

the interplay between leading order anomalous couplings (black dots) within loops, and

next-to-leading order terms (black squares) at tree level. All the five couplings defined

in (2.6) appear in Fig. 1. In the following section we discuss the extension of this

analysis to the next order in QCD.

2.2 Calculation of the NLO QCD corrections

Within the framework of the electroweak chiral Lagrangian, the calculation of the

gg ! hh amplitude can be extended to the next order in the loop expansion, that is
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Watch out for the top mass dependence uncertainty!
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Figure 1: Left: the total inclusive cross sections at
p

s = 13.6 TeV for di↵erent choices of
the top mass renormalization scheme, at LO (dashed) and NLO (solid), as a function �.
Right: the corresponding K-factors.

gives the minimum of the cross section actually depends upon the top-mass scheme. As
expected, going from LO to NLO the various minima get closer.

In the right panel of fig. 1, we show the K-factors, K = �NLO/�LO, as a function of
the Higgs trilinear coupling for di↵erent top-mass scheme. We recall that going from a LO
result to a NLO one the scheme dependence is expected to decrease. Then, schemes where
the LO prediction are smaller show the largest K-factors.

Let us now comment on our findings for the inclusive cross as a function od �3 compared
to the same study carried out with the ggHH MC code of Ref. [50] and with the results
presented in Ref. [51].

The comparison with ggHH was done adopting for the top and Higgs masses and ↵s the
values chosen in ggHH. While we found excellent agreement within the numerical errors
of the MCs for the SM, during the course of this study, we have identified a discrepancy
with the existing calculation of Ref. [50] when varying � away from its SM value. We have
traced this discrepancy to the two-loop virtual contributions. We contacted the authors of
ref. [50] who, using our results, found indeed an issue in their two-loop virtual contributions
for values of the trilinear coupling di↵erent from the SM one. The authors of ref. [50]
provided us with a fixed version of their calculation. Using these new results, we found now
agreement between the two codes.

For the comparison with the results of Ref. [51] we adopted the same set of PDF em-
ployed in that work. For the SM cross section we are in agreement with the results of
Ref. [51] at various center-of- mass energies including their estimate of the scale uncertainty.
Instead, concerning the dependence of the cross section upon �, we find an agreement with
the results of Ref. [51] at the level of per-mille for negative values of � and for � = 1. For
larger positive values of � the agreement starts to deteriorate. At the minimum of the cross
section, � ⇠ 2.4, we find the maximal discrepancy between our and their evaluation of the
inclusive cross section with a di↵erence of several per-cent. This discrepancy is di�cult to
trace. On one side, the agreement with ggHH, after the fixing by the authors, and the
agreement with Ref. [51] for �  1 gives us confidence in our MC code. On the other side,
the fact that the maximum di↵erence is obtain at the minimum of the cross section, where
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Figure 2: The invariant mass distribution of the two-Higgs system for di↵erent choices of
the top-mass renormalization scheme: (A) absolute distributions at NLO+PS; (B) ratio
between the MS predictions and the OS one; (C) ratio between the distributions com-
puted at NLO+PS and their LO counterpart (K-factors); (D) same as C but with the LO
distributions computed with NLO PDFs.

the destructive interference between “signal” and “background” contributions is more pro-
nounced, let us suspect that the way the inclusive cross section is computed in Ref. [51]
from finite size bins, could be not su�ciently accurate in regions of the parameter space
where there are strong cancellations. This is also suggested by the fact that we find that
the discrepancy with Ref. [51] decreases for large positive value of �.

3.2 Di↵erential Distributions

We now present the results for a selection of di↵erential observables. As in the previous
subsection we focus on the dependence of the observables upon the choice of the top-
quark-mass renormalization schemes. First, we consider the SM case, � = 1, then we
repeat the analyis for several values of � in order to investigate the interplay between the
renormalization scheme choice and the value of the Higgs trilinear coupling.
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EFT event re-weighting

• 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.

• Examples of a few reweighted HEFT binned benchmark points in !""
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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 distributions
account for the varying bin width. The bin-by-bin ratio of the generated
and reweighted samples is shown in each lower panel. The uncertainties
come from the limited number of generated events as well as the reweighting
procedure (the latter is shown separately as red error bars in the upper panel
and grey bands in the 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 distributions
account for the varying bin width. The bin-by-bin ratio of the generated
and reweighted samples is shown in each lower panel. The uncertainties
come from the limited number of generated events as well as the reweighting
procedure (the latter is shown separately as red error bars in the upper panel
and grey bands in the lower panel).
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EFT event re-weighting, limitations

• In the heavy quark expansion the matrix elements depends only on shat 
at low energy.  For higher energies and jet radiation this breaks down 
and must be included as an uncertainty. Also the POWHEG Sudakov
factor distorts the simple picture.

• Will look into reducing these effect, but for now they are clearly visble:
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Figure 4.3: Comparison of the pT (h) distribution of the generated bench-
mark 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. Only the uncertainty coming from the limited number of generated
events is taken into account.
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Allowing for light BSM: Luca + Harry simplified library

• When there are light dof BSM, SM dof EFT will not work. Either build new 

EFT with SM+light BSM or just add light BSM without integrating out and 

matching assuming the rest of UV decoupled: the Luka + Harry library.

• Will not say much since next talk is by Luca, but you can e.g. add 

different scalars and then expand in couplings (for fixed masses). Covers 

full coupling parameter space. E.g. a model with extra stops effectivly

contains SUSY with low mass stops.

• The current tool development concentrates on allowing for interpolated 

masses and requires several generated mass points.

• A proof of concept with fixed masses given MSSM and NMSSM 

benchmarks with sizable !" in shown in 

smaller invariant mass values, with higher event counts
than the peak, leading to a total cross section which is
similar to the SM one. This can be seen in Fig. 10 for
different representative MSSM benchmark points charac-
terized by the same value ofmt̃2 and different values ofmt̃1 ,
from 600 GeV to 1000 TeV (couplings are not reported as
not relevant in this context). For mt̃1 ≳ 800 GeV the
number of expected events is however already small (some
units) at parton level, and therefore the actual observability
of higher masses at HL-LHC is rather challenging, if just
not possible.
The NMSSM benchmarks also introduce large effects at

low invariant Mhh mass. If one focuses only on the MðhhÞ
region below the stop mass where an EFT descriptions is
valid, the NP contributions are dominated by the modified
Higgs triple gauge coupling interfering with the rest of the
SM background which is visible in Fig. 9 (labeled MB).
This effect is measured in the experiments using coupling
modifiers (κ-framework) or more consistently with an EFT,

FIG. 9. The invariant mass distributions for the two NMSSM benchmarks described in the text. The integrated luminosity is in this
case 3000 fb−1, corresponding to the nominal reach of the HL-LHC phase. The left panels correspond to a case with two light stops with
minimal mixing, while the right panels have a light and a heavy stop. Both have a trilinear Higgs coupling that is larger than that
of the SM.

FIG. 10. Invariant mass distributions for 3000 fb−1 and for
different MSSM benchmark points characterized by different t̃1
masses, from 600 GeV to 1 TeV, and mt̃2 ¼ 1600 GeV.

MORETTI, PANIZZI, SJÖLIN, and WALTARI PHYS. REV. D 107, 115010 (2023)

115010-12
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Di-Higgs future developments?

EFT validity scale limit

UV (naturalness, EWBG, “!"”)
SUSY (NMSSM), CHM, …

All - N BSM non UV matched 
2HDM, TRSM, “Luca”

$

Matching scale %

All - N BSM UV matched 
SSM-EFT, 2HDM-EFT …

All BSM UV matched 
HEFT, SMEFT …

* Stockholm exp/pheno active

UV matched modelsNon UV matched models
(simplified)

* Interesting future developments
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Finally a reminder of HL-LHC projections

• With only !" floating there are projections available for HL-LHC.
• We must be very lucky to see deviations at HL-LHC and should focus on 

models with large !" effects.
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Conclusions

• Effective field theories will remain as powerful “UV 
agnostic” tools to search for new physics at HL-LHC.

• EFTs is an ongoing development area progressing step by 
step along with the increasing precision of the data. E.g. 
EW loops are beginning to be at the same level as QCD for 
distributions.

• Models with new scalars are important for EWBG, and !"
in general. Need to learn how use them as efficient tools.


