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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is Γ ħ τ= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where ħ is the reduced Planck's constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.
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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is Γ ħ τ= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where ħ is the reduced Planck's constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.
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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is Γ ħ τ= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where ħ is the reduced Planck's constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.
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Figure 7. The total cross sections for Higgs pair production at the LHC, including higher-order
corrections, in the main channels — gluon fusion (red/full), VBF (green/dashed), Higgs-strahlung
(blue/dotted), associated production with tt̄ (violet/dotted with small dots) — as a function of
the c.m. energy with MH = 125 GeV. The MSTW2008 PDF set has been used and higher-order
corrections are included as discussed in section 2.

3.1 Theoretical uncertainties in the gluon channel

3.1.1 Theoretical uncertainty due to missing higher order corrections

The large K-factor for this process of about 1.5 − 2 depending on the c.m. energy shows

that the inclusion of higher order corrections is essential. An estimate on the size of the

uncertainties due to the missing higher order corrections can be obtained by a variation of

the factorization and renormalization scales of this process. In analogy to single Higgs pro-

duction studies [77, 80] we have estimated the error due to missing higher order corrections

by varying µR, µF in the interval

1

2
µ0 ≤ µR = µF ≤ 2µ0 . (3.2)

As can be seen in figure 8 we find sizeable scale uncertainties∆µ of order∼ +20%/−17%
at 8TeV down to +12%/−10% at 100TeV. Compared to the single Higgs production case

the scale uncertainty is twice as large [77, 80]. However, this should not be a surprise as

there are NNLO QCD corrections available for the top loop (in a heavy top mass expansion)

in the process gg → H while they are unknown for the process gg → HH.

3.1.2 The PDF and αS errors

The parametrization of the parton distribution functions is another source of theoretical

uncertainty. First there are pure theoretical uncertainties coming from the assumptions

made on the parametrization, e.g. the choice of the parametrization, the set of input

parameters used, etc. Such uncertainties are rather difficult to quantify. A possibility might

– 14 –

[Baglio, Djouadi, RG, Mühlleitner, Quevillon, Spira ’12]
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Figure 7. The total cross sections for Higgs pair production at the LHC, including higher-order
corrections, in the main channels — gluon fusion (red/full), VBF (green/dashed), Higgs-strahlung
(blue/dotted), associated production with tt̄ (violet/dotted with small dots) — as a function of
the c.m. energy with MH = 125 GeV. The MSTW2008 PDF set has been used and higher-order
corrections are included as discussed in section 2.

3.1 Theoretical uncertainties in the gluon channel

3.1.1 Theoretical uncertainty due to missing higher order corrections

The large K-factor for this process of about 1.5 − 2 depending on the c.m. energy shows

that the inclusion of higher order corrections is essential. An estimate on the size of the

uncertainties due to the missing higher order corrections can be obtained by a variation of

the factorization and renormalization scales of this process. In analogy to single Higgs pro-

duction studies [77, 80] we have estimated the error due to missing higher order corrections

by varying µR, µF in the interval

1

2
µ0 ≤ µR = µF ≤ 2µ0 . (3.2)

As can be seen in figure 8 we find sizeable scale uncertainties∆µ of order∼ +20%/−17%
at 8TeV down to +12%/−10% at 100TeV. Compared to the single Higgs production case

the scale uncertainty is twice as large [77, 80]. However, this should not be a surprise as

there are NNLO QCD corrections available for the top loop (in a heavy top mass expansion)

in the process gg → H while they are unknown for the process gg → HH.

3.1.2 The PDF and αS errors

The parametrization of the parton distribution functions is another source of theoretical

uncertainty. First there are pure theoretical uncertainties coming from the assumptions

made on the parametrization, e.g. the choice of the parametrization, the set of input

parameters used, etc. Such uncertainties are rather difficult to quantify. A possibility might

– 14 –

[Baglio, Djouadi, RG, Mühlleitner, Quevillon, Spira ’12]
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where σ is the production cross-section and B is the branching fraction. 
Perfect agreement with SM expectations would yield all µ equal to one.

A first test of compatibility is performed by fitting all data from pro-
duction modes and decay channels with a common signal-strength 
parameter, µ. At the time of discovery, the common µ was found 
to be 0.87 ± 0.23. The new combination of all the Run 2 data yields 
µ = 1.002 ± 0.057, in excellent agreement with the SM expectation. 
The uncertainties in the new measurement correspond to an improve-
ment by a factor of 4.5 in precision compared with what was achieved 
at the time of discovery. At present, the theoretical uncertainties in the 
signal prediction, and the experimental statistical and the systematic 
uncertainties separately contribute at a similar level, and they are 0.036, 
0.029 and 0.033, respectively.

Relaxing the assumption of a common signal-strength parameter, 
and introducing different µi and µf, our measurements are shown in 
Fig. 2. The production modes ggH, VBF, WH, ZH and ttH are all observed 
with a significance of 5 s.d. or larger.

The κ framework for coupling modifiers
BSM physics is expected to affect the production modes and decay 
channels in a correlated way if they are governed by similar interac-
tions. Any modification in the interaction between the Higgs boson 
and, for example, the W bosons and top quarks would affect not only 
the H → WW (Fig. 1g) or H → γγ (Fig. 1i,j) decay rates but also the pro-
duction cross-section for the ggH (Fig. 1a), WH (Fig. 1c) and VBF (Fig. 1b) 
modes. To probe such deviations from the predictions of the SM, the 
κ framework38 is used. The quantities, such as σi, Γ f and ΓH, computed 
from the corresponding SM predictions, are scaled by κi

2, as indicated 
by the vertex labels in Fig. 1. As an example, for the decay H → γγ pro-
ceeding via the loop processes of Fig. 1i,j, the branching fraction is 
proportional to κ γ

2 or κ κ(1.26 − 0.26 )W t
2. In the SM, all κ values are equal 

to one.

A first such fit to Higgs boson couplings introduces two parameters, 
κV and κf, scaling the Higgs boson couplings to massive gauge bosons 
and to fermions, respectively. With the limited dataset available at the 
time of discovery, such a fit provided first indications for the existence 
of both kinds of coupling. The sensitivity with the present data is much 
improved, and both coupling modifiers are measured to be in agree-
ment, within an uncertainty of 10%, with the predictions from the SM, 
as shown in Fig. 3 (left).

A second fit is performed to extract the coupling modifiers κ for the 
heavy gauge bosons (κW and κZ) and the fermions probed in the present 
analyses (κt, κb, κτ and κµ). Predictions for processes that in the SM occur 
via loops of intermediate virtual particles, for example, Higgs boson 
production via ggH, or Higgs boson decay to a pair of gluons, photons 
or Zγ, are computed in terms of the κi above. The result is shown in 
Fig. 3 (right), as a function of the mass of the probed particles. The 
remarkable agreement with the predictions of the BEH mechanism 
over three orders of magnitude of mass is a powerful test of the valid-
ity of the underlying physics. Statistical and systematic uncertainties 
contribute at the same level to all measurements, except for κµ, which 
still is dominated by the statistical uncertainty.

In extensions of the SM with new particles, the loop-induced pro-
cesses may receive additional contributions. A more general fit for 
deviations in the Higgs boson couplings can then be defined by intro-
ducing additional modifiers for the effective coupling of the Higgs 
boson to gluons (κg), photons (κγ) and Zγ (κZγ). The results for this fit 
are shown in Fig. 4 (left). Coupling modifiers are probed at a level of 
uncertainty of 10%, except for κb and κµ (about 20%) and κZγ (about 
40%), and all measured values are compatible with the SM expectations, 
to within 1.5 s.d. These measurements correspond to an increase in 
precision by a factor of about five compared with what was possible 
with the discovery dataset. Figure 4 (right) and Extended Data Fig. 8 
(left) illustrate the evolution of several κ measurements and their 
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Fig. 5 | Limits on the production of Higgs boson pairs and their time 
evolution. Left: the expected and observed limits on the ratio of experimentally 
estimated production cross-section and the expectation from the SM (σTheory) in 
searches using different final states and their combination. The search modes 
are ordered, from upper to lower, by their expected sensitivities from the least 

to the most sensitive. The overall combination of all searches is shown by the 
lowest entry. Right: expected and observed limits on HH production in 
different datasets: early LHC Run 2 data (35.9 fb−1), present results using full 
LHC Run 2 data (138 fb−1) and projections for the HL-LHC (3,000 fb−1).

[CMS Nature ’22]
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                                                                                          Triple Higgs Production

[ATLAS ’24]
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[Haisch, Sankar, Zanderighi ’25]

Complementarity Multi-H Production

Indirect probes via electroweak 
corrections

Complementarity between 
different probes

at the FCC-ee only indirect 
probe of 
Sufficient?

κ3

What do we really learn from 
triple Higgs production in 

terms of self-couplings?



   Ramona Gröber                                     Multi Higgs Production and Models                                        

                                                                                          Precision in di-Higgs Production

σSM(13.6 TeV ) = 34.13+6%
−23% f b ± 2.3 %

known up to N3LO in infinite top mass [Chen, Li, Shan, Wang ’19; Ajjath, Shao ‘22]

at NLO QCD in full top mass
[numeric: Borowka et al ’16; Baglio et al. ’18;
expansions: Bagnaschi, Degrassi, RG ’23; Davies, 
Schönwald, Steinhauser, Strammer ’25]

NNLO QCD FTapprox

[Grazzini et al. ’18]

various efforts for the EW corrections
[Mühlleitner et al. ’22; Bi et al. ’23
Heinrich et al ’24; Davies et al. ’25, Bonetti et. al. 
’25, Baglio et al. ’18]

largest uncertainty from choice of top mass scheme [Baglio et al. ’18]

how to diminish theory uncertainties? by HL-LHC halving required
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[Bagnaschi, Degrassi, RG ’23]
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[Bagnaschi, Degrassi, RG ’23]
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Large Uncertainty due to choice of renormalisation scheme of top quark mass

Uncertainty addressed in [Jaskiewicz, Jones, Szafron, Ulrich ’25]

in high-energy limit can be understood in SCET

include tower of higher log’s in OS definition in HE range to reduce uncertainty 

Top mass uncertainty



Effective Field Theory



   Ramona Gröber                                     Multi Higgs Production and Models                                        

                                                                                          

Standard Model Effective Field Theory

ℒ = ℒSM + ∑
i

c𝒪

Λi
𝒪i

for Higgs physics 
i ≥ 2

respects the SM gauge 
symmetries, all fields 
transform as in SM[Fig. by L. Alasfar]

Effective Field Theory
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Standard Model Effective Field Theory

ℒ = ℒSM + ∑
i

c𝒪

Λi
𝒪i

for Higgs physics 
i ≥ 2

respects the SM gauge 
symmetries, all fields 
transform as in SM[Fig. by L. Alasfar]

Higgs Effective Field Theory

ℒ = ℒkin,SM + V(h) −
v2

2
Tr(VμVμ)F(h) −

v

2
(F̄LUYF(h)FR + h . c.)

Goldstone matrix 

polynomial in the physical Higgs field, 

i.e. F(h) = a
h
v

+ b
h2

v2
+ . .

Effective Field Theory
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                                                                                          SMEFT in HH

Warsaw basis

ℒ = CH |H |6 +

CHG |H |2 GμνGμν CuHQ̄LH̃tR |H |2 + h . c .+ + CuGQ̄LσμνTaH̃tRGa
μν + h . c .

CH,□(H†H ) □ (H†H ) + CHDDμ(H†H )Dμ(H†H )* +
SMEFT:

coefficients of 𝒪(1/Λ2)
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                                                                                          Effective Theory for HH

HEFT:

ℒ = −mtt̄t ( h
v

+
h2

v2 )ct ctt +
αs

8π ( h
v

+
h2

v2 ) GμνGμνcg cgg +
m2

h

2v
h3chhh
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                                                                                          Effective Theory for HH

HEFT:

ℒ = −mtt̄t ( h
v

+
h2

v2 )ct ctt +
αs

8π ( h
v

+
h2

v2 ) GμνGμνcg cgg +
m2

h

2v
h3chhh

two Higgs couplings only to be probed in HH
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                                                                                          EFT searches in HH

Non-resonant di-Higgs EFT searches are 
built on kinematic benchmark scenarios
to account for EFT modifications of  

shapes
mhh

[Carvalho et al. ’15; 
Capozzi, Heinrich ’19; Alasfar et al. ’23] 

[ATLAS Collaboration ’24]



   Ramona Gröber                                     Multi Higgs Production and Models                                        

                                                                                          

0.005

0.010

0.015

1/
�

d
�
/
d
m

h
h

[G
eV

�
1
]

SM
N = 520

Cluster 1
N = 5770

Cluster 2
N = 661

Cluster 3
N = 542

0.005

0.010

0.015

1/
�

d
�
/
d
m

h
h

[G
eV

�
1
]

Cluster 4
N = 339

Cluster 5
N = 202

Cluster 6
N = 149

Cluster 7
N = 175

250 500 750

mhh [GeV]

0.005

0.010

0.015

1/
�

d
�
/
d
m

h
h

[G
eV

�
1
]

Cluster 8
N = 1015

250 500 750

mhh [GeV]

Cluster 9
N = 213

250 500 750

mhh [GeV]

Cluster 10
N = 83

250 500 750

mhh [GeV]

Cluster 11
N = 81

Figure 4: Clusters and sample assignments obtained for the coe�cients contained in L

and a number of Nsamples = 104 samples assuming the full bin-wise theory uncertainty �th,i.

The displayed numbers N indicate how many of the generated samples can be associated

to each cluster with �
2

< �
2
thresh.

(c) How does the coverage depend on the assumption for the relative uncertainty �i?

(d) Does the coverage change significantly when choosing a smaller amount of clusters?

In order to address these questions, we performed a set of validation scans with Nval = 108

samples. Further, we varied the HEFT coe�cients within the following ranges:

bD, dc, ac, bc 2 [�cmax, cmax], b
(1)
g 2 [�cmax/2, 0], b

(2)
g 2 [�2b

(1)
g , cmax]. (3.28)

Here, the coe�cient b
(1)
g is chosen negative, and b

(2)
g is generated in the interval [�2b

(1)
g , cmax]

to respect the positivity bounds of section 3.2. Furthermore, the chosen parameter ranges

ensure that the absolute value of each coe�cient remains below cmax. In practice, we scan

over cmax 2 [0, 10] in unit steps, where cmax = 0 corresponds to samples belonging to the

L Lagrangian. For each value of cmax, we consider three di↵erent uncertainty scenarios:

the full theory uncertainty �th,i, half of the theory uncertainty �th,i/2, as well as a flat

uncertainty �flat = 28%, which represents the flat baseline projection for the HL-LHC [72].

In each of these cases, we determined the clusters of L and performed the assignment for

NClus = 12 and NClus = 8.

– 16 –

Heft LO Lagrangian

Kinematic Benchmarks

[Brivio, RG, Schmid 
‘in preparation]
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                                                                                          HEFT in HH
Powercounting

Loop expansion

EFT expansion

NLO

NNLO

NNNLO

LO NLO NNLO
LO

NNNLO

SMEFT power counting 
keeps EFT expansion 
independent of loop 

expansionSMEFT

HEFT HEFT power counting 
counts loops, so one is 

constrained on the 
diagonal

[Brivio, RG, Schmid ’in preparation]
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                                                                                          HEFT in HH
Powercounting

Loop expansion

EFT expansion

NLO

NNLO

NNNLO

LO NLO NNLO
LO

NNNLO

SMEFT power counting 
keeps EFT expansion 
independent of loop 

expansionSMEFT

HEFT HEFT power counting 
counts loops, so one is 

constrained on the 
diagonal (QCD 

expansion can also be 
kept separately)

[Brivio, RG, Schmid ’in preparation]
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                                                                                          HEFT in HH
[Brivio, RG, Schmid ‘in prep]

Loop and higher 
orders in  in 
operators can 
arise at same 

order

Nχ

L
N� = 0

insertions
N� = 2

insertions
N� = 4

insertions
N

s,M
HEFT

0 any 1 - 4

1 any - - 4

0 any - 1 6

0 any 2 - 6

1 any 1 - 6

2 any - - 6

Table 2: Classification of contributions to Higgs pair production up to N
s,M
HEFT = 6. The

subset of diagrams highlighted in blue correspond to results already obtained in [55] that

considers the L Lagrangian.

the Wilson coe�cients, we obtain the following terms in the HEFT Lagrangian:

LHEFT � L + �L

L =
1

2
(@µh)2 �

1

2
m

2
hh

2
� a�3�vh

3
�

1

4
G

a
µ⌫G

aµ⌫ + it̄ /Dt �
ytv
p

2

✓
at

h

v
+ bt

h
2

v2

◆
tt

+
g
2
s

16⇡2
G

a
µ⌫G

aµ⌫

✓
ag

h

v
+ bg

h
2

v2

◆

�L =
ytbD

4⇡⇤

1

v2
(@µh)2tt +

gsyt

4⇡⇤

�
tL�

µ⌫
G

a
µ⌫T

a
tR + h.c.

� ✓
dc + ac

h

v
+ bc

h
2

v2

◆

+
g
2
sb

(1)
g

16⇡2⇤2

h
2

v2
(Dµ

G
a⌫�)(DµG

a
⌫�) +

g
2
sb

(2)
g

16⇡2⇤2

h

v
G

a�⌫
G

aµ
�

1

v
(@µ@⌫h).

(3.9)

Here, L corresponds to the well-studied �formalism Lagrangian that introduces multi-

plicative modifications of the SM couplings, together with an h
2
t̄t term and Higgs-gluon

contact interactions. The additional operators in �L represent the missing N� = 2 and

N� = 4 contributions required when consistently working up to N
s,M
HEFT = 6. Note,

that the only feasible direct probe of the coe�cients involving two Higgs bosons, namely

{bt, bD, bc, b
(1)
g , b

(2)
g }, is the production of two Higgs bosons. With this subset of the La-

grangian LHEFT at hand, [RG: Having now the relevant terms of the Lagrangian

at hand,] we can revisit eqs. (2.14) and (2.15) to determine the several combinations of

loop orders L and operators insertions of a certain chiral dimension that we have to take

take into account [RG: which operators we can enter into Feynman diagrams up

to which loop order L to count consistently up to N
s,M
HEFT

]. The classification of

the Feynman diagrams according to L and N� of the operator can be found in Table 2.

In our selection of operators and diagrams, we consistently omit all one-loop electroweak

corrections that would appear within our power counting scheme. Examples include loop

diagrams involving the G
a
µ⌫G

aµ⌫
h

3 operator and electroweak corrections to the trilinear

Higgs self-coupling as considered in [44]. A full treatment of these e↵ects requires two-

loop multi-scale integrals, currently known only in the SM [59] [RG: check if we cite

the other partial ew SM corrections in another place, if not include them here,

– 9 –

Consider up to Ns,ℳ
HEFT = 6

Kinematic distributions beyond the ones 
in [Carvalho et al. ’15; Capozzi, Heinrich ‘19] 

possible
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                                                                                          HEFT in HH: Cluster analysis
Re-do a cluster analysis, use chi2-test 

χ2(P1, P2) = ∑
i∈ bins

(D1,i − D2,i)2

Δ2
i (D2

i,1 + D2
i,2)

Two points in parameter space follow the same kinematic benchmark if 

χ2(P1, P2) < χ2
thres

0 1 2 3 4 5 6 7 8 9 10
cmax

0

20

40

60

80

100

C
ov

er
ag

e
[%

]

¢flat, nCl = 12

¢th/2, nCl = 12

¢flat, nCl = 8

¢th/2, nCl = 8

¢th, nCl = 12 ¢th, nCl = 8

[Brivio, RG, Schmid ‘in prep]

Better ideas? Disentangle 
EFT effects?

Can other production 
modes help?
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                                                                                          Amplitudes
We can even be more general using amplitude techniques

Idea: Check with amplitudes where HEFT and SMEFT depart, in a processes that can test 
differences

Multi-Higgs production

[RG, Rossia, Ryczkowski ’25]

21
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                                                                                          Amplitudes
We can even be more general using amplitude techniques

Idea: Check with amplitudes where HEFT and SMEFT depart, in a processes that can test 
differences

Multi-Higgs production

[RG, Rossia, Ryczkowski ’25]

Concentrate for the time being on gluon - Higgs interactions

??

21

[Gomez-Ambrosio, Llanes-Estrada, Salas-
Bernárdez, Sanz-Cillero ’22]

Is SMEFT falsifiable 
(in multi-Higgs 

production)?
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                                                                                          OnShell Amplitudes
Lorentz invariance

Global symmetries

Locality

Helicity and little group scaling

Physical degrees of freedom

Simple scattering amplitudes

Emergence of gauge symmetries

bottom-up approach to EFTs
without field redefinition 

ambiguities

bootstrap

[Shadmi, Weiss ’18; Durieux et al. ’19, 
Huber, De Angelis ’21, … ]
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                                                                                          OnShell Amplitudes
Lorentz invariance

Global symmetries

Locality

Helicity and little group scaling

Physical degrees of freedom

Simple scattering amplitudes

Emergence of gauge symmetries

bottom-up approach to EFTs
without field redefinition 

ambiguities

bootstrap

[Shadmi, Weiss ’18; Durieux et al. ’19, 
Huber, De Angelis ’21, … ]

Building blocks (based on spinor-helicity formalism) are 
[Elvang, Huang ’13, Arkani-Hamed et al ’17]

Momenta:

In a similar spirit to this study, Ref. [32] studied vector-pair production via on-shell
methods and found that only a single structure arising in HEFT does not arise at dimension-
8 in SMEFT. Other studies in the context of multi-Higgs production were limited to SMEFT
and HEFT at the LO in the EFT expansion [33–35], whereas in Ref. [36] also a matching
to the NLO HEFT Lagrangian was taken into account. Indeed, in contrast to these latter
references, our study shows that the di↵erences in HEFT and SMEFT are purely a question
of convergence of the EFT expansion.

Our paper is structured as follows: in section 2, we introduce the three theoretical frame-
works to be used throughout: the spinor-helicity formalism, the SMEFT and HEFT. In
section 3, we apply them to the case of gluon-fusion double Higgs production. We review
the derivation of the on-shell amplitudes for gg ! hh in section 3.1 and 3.2. Then, we in-
troduce our on-shell matching procedure and we apply it to match the gg ! hh amplitudes
to their SMEFT and HEFT counterparts in section 3.3. Section 4 presents our results for
triple Higgs production. We present our methodology to bootstrap the full five-point on-
shell amplitude and apply it to the simple case of five Higgs bosons in section 4.1. We then
apply the same techniques to build the amplitudes of gg ! hhh in section 4.2. Finally, we
match the on-shell gg ! hhh amplitudes to the SMEFT and HEFT amplitudes in section 4.3
and discuss how di↵erent structures appear at di↵erent EFT orders. Our conclusions and
outlook are in section 5. We provide the results and further details of our study in various
appendices.

2 Theoretical framework

In this section, we review the theoretical framework used in our work and establish the
notation used throughout the paper.

2.1 Spinor-helicity formalism

Massless scattering amplitudes can be written in a very compact form by specifying the
helicity of the initial and final particles and by making its Lorentz- and little-group structure
manifest. Such simplification is easily achieved with the spinor-helicity formalism that allows
to write the momenta and polarization vectors in terms of massless spinors with well-defined
Lorentz- and little-group transformation properties. This formalism (see Ref. [37] for a
review) is based on the observation that a lightlike momentum can be written in terms of
two independent two-dimensional commuting spinors,

p↵↵̇ ⌘ pµ�
µ
↵↵̇ ⌘ |pi↵[p|↵̇ , p

↵̇↵
⌘ pµ�

µ ↵̇↵
⌘ |p]↵̇hp|↵ , (1)

where �
µ = (1, �i), �

µ = (1,��
i), and �

i are the Pauli matrices. hp|
↵, |pi↵, [p|↵̇, and

|p]↵̇ are the chiral (angle) and anti-chiral (square) spinors that are solutions to the massless
Dirac (Weyl) equation of motion. The angle and square spinors transform as the (1/2, 0)
and (0, 1/2) representations of the SL(2,C) Lorentz group and carry opposite little-group
weights,

|pi ! e
�i⇠

|pi , [p| ! e
i⇠[p| , (2)

3

Spinors:
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A Spinor-helicity conventions

In this appendix, we collect our conventions for the spinor-helicity formalism. In general, we
follow the conventions of [18]. Our choice for the Minkowski metric is,

⌘µ⌫ = ⌘
µ⌫ = diag (1,�1,�1,�1) . (44)

We choose the chiral representation of Dirac matrices,

�
µ =

 
0 (�µ)↵�̇

(�µ)↵̇� 0

!
, �

5 = i�
0
�
1
�
2
�
3 =

 
�1 0

0 1

!
. (45)

The angle and square-spinors are related to the 2-component Weyl spinors by,

u+(p) = |p], u�(p) = |pi ,

u+(p) = [p|, u�(p) = hp| ,
(46)

and we define the massive 4-component Dirac spinors as,

u
I(p) =

 
�
I
↵

�̃
I↵̇

!
=

 
|pi

I
↵

|p]I↵̇

!
, v

I(p) =

 
�
I
↵

��̃
I↵̇

!
=

 
|pi

I
↵

�|p]I↵̇

!
. (47)

These satisfy the massive Dirac equation,
�
/p�m

�
u
I(p) = 0 ,

�
/p+m

�
v
I(p) = 0 . (48)

The chiral components are in one-to-one correspondence to the angle and square spinors,

uL(p) = PL u(p) =

 
|pi

I
↵

0

!
, uR(p) = PR u(p) =

 
0

|p]I↵̇

!
. (49)

And in the massless limit, we have,

/p u(p) =

 
0 pµ (�µ)↵�̇

pµ (�µ)↵̇� 0

! 
|pi�

|p]�̇

!
=

 
pµ (�µ)↵�̇ |p]

�̇

pµ (�µ)↵̇� |pi�

!
= 0 . (50)

23

Polarisation vectors:

The spinor products can be computed with ease from the previous identities as,

uL(p)uR(q) = [p|q] , uR(p)uL(q) = hp|qi . (51)

And for Lorentz vectors, it holds that,

[p|�µ
|qi =uL(p)�

µ
uL(q) ,

hp|�
µ
|q] =uR(p)�

µ
uR(q) .

(52)

The result of the previous identities in terms of the momenta depends on the chosen polariza-
tion axis. However, there is one fundamental Lorentz-invariant identity for spinor products,

hp|qi [p|q] = (p+ q)2. (53)

This allows to easily convert between square and angle brackets.
The polarization vectors for massless spin-1 bosons can be expressed in this formalism

as,

✏
µ
+(p) = =

1
p
2

h⇠|�
µ
|p]

hp|⇠i
,

✏
µ
�(p) =

1
p
2

hp|�
µ
|⇠]

[p|⇠]
,

(54)

or equivalently,

✏
↵↵̇
+ (p) =

p
2
|p]↵̇h⇠|↵

hp|⇠i
,

✏
↵↵̇
� (p) =

p
2
|⇠]↵̇hp|↵

[p|⇠]
,

(55)

where |⇠] and |⇠i are arbitrary reference spinors that should not be collinear to p.
To evaluate explicitly the spinor products in terms of momenta, we choose the polarization

axis to be the y-axis and use the following basis of Pauli matrices,

�
0 = 12⇥2, �

1 =

 
0 1

1 0

!
, �

2 =

 
1 0

0 �1

!
, �

3 =

 
0 i

�i 0

!
. (56)

Thus, for two lightlike momenta A
µ and B

µ, we obtain,

[A|B] = ⌘A⌘B
B

+
A

�
T � A

+
B

�
Tp

⌘
2
A⌘

2
BA

+B+
, (57)

and

hA|Bi = � ([A|B])⇤ = ⌘A⌘B
A

+
B

+
T � B

+
A

+
Tp

⌘
2
A⌘

2
BA

+B+
, (58)

where,
p
+ = p

0 + p
2
, p

�
T = p

1
� i p

3
,

p
� = p

0
� p

2
, p

+
T = p

1 + i p
3
,

(59)
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                                                                                          OnShell MultiHiggs
Strategy: 

Build non-factorisable and factorisable on shell amplitudes multiplied by kinematic invariants, 
check if and how they arise in SMEFT and HEFT 

3 Double Higgs production

We start by considering double Higgs production, previously discussed in the on-shell ampli-
tude approach in [16]. While in the SM double Higgs production via gluon-fusion arises at
the one-loop level, for the sake of studying the di↵erences between the two EFTs, we concen-
trate on tree-level contributions not present in the SM. Similarly in the SM, such structures
would arise when considering the limit in which the top-quark mass is much larger than the
external momenta of the considered process.

3.1 Non-factorizable contributions

The non-factorizable part can be obtained by bootstrapping the Lorentz structures according
to the external momenta, helicities and their little-group weights. Let p1, p2 be the gluon
momenta and p3, p4 the Higgs momenta. Then there exist two independent helicity-spinor
structures after accounting for momentum conservation,

[1|2] , [1|3|2i , (15)

where 3 corresponds to p3 – the massive momentum of one of the Higgs bosons, all other
structures can be obtained via complex conjugation. In general, the gg ! hh scattering
amplitude can be written as [16],

M
�
g
a,+ (p1) ; g

b,+ (p2) ;h (p3) ;h (p4)
�
NF

=i �
ab
c
++
gghh [1|2]2 ,

M
�
g
a,+ (p1) ; g

b,� (p2) ;h (p3) ;h (p4)
�
NF

=i�
ab
c
+�
gghh [1|3� 4|2i2 ,

(16)

where the expression for the � � 00 (� + 00) helicity configuration can be obtained from
++ 00 (+� 00) by hermitian conjugation. We have used momentum conservation to make
the +� 00 amplitude explicitly Bose symmetric under 3 $ 4.

The coe�cients c
++
gghh and c

+�
gghh are analytical functions of the Mandelstam variables

sij = (pi + pj)2 that, by dimensional analysis, enter as a dimensionless ratios with the EFT
cuto↵ ⇤. They can be expanded in powers of sij as,

c
++
gghh =

c
++,(00)
gghh

⇤
2 +

c
++,(10)
gghh

⇤
4 s12 +

c
++,(01)
gghh

⇤
4 s13 +O

⇣
1/⇤

6
⌘
, (17)

c
+�
gghh =

c
+�,(00)
gghh

⇤
4 +

c
+�,(10)
gghh

⇤
6 s12 +

c
+�,(01)
gghh

⇤
6 s13 +O

⇣
1/⇤

8
⌘
, (18)

where the coe�cients c+±,(ij)
gghh are adimensional. Notice that if one computes these functions

in the SM in the heavy-top limit, they will correspond to the limit value of boxes of fermions,
and the scale ⇤ can be chosen as the top mass, in particular if the top is the only fermion
considered as massive. Indeed, after imposing Lorentz invariance and Ward identities one
can write the amplitude in terms of two form factors [62] that arise in analogy to our
considerations at di↵erent order in the expansion in 1/m2

t , i.e. the part corresponding to the
+- helicity amplitude arises an order higher in 1/m2

t than the ++ helicity configuration, see
for instance [63]. The latter approach has been discussed in the context of EFT in [64].
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Double Higgs

Non-Factorisable

Factorisable

3.2 Factorizable contributions

There are three di↵erent factorizable contributions to the gg ! hh amplitude: the s-channel
which involves gluing a gg ! h and a hh ! h amplitude via a virtual h, and the t/u-
channels that involve gluing two gg ! h amplitudes via a propagating gluon. In the SM,
the s-channel appears at one-loop order and the t/u-channels at two-loop order, while in the
SMEFT, both could appear at tree level at dimension-6 and dimension-8, respectively.5

3.2.1 s-channel

The gg ! h on-shell amplitude can be parametrized as

g
h2(p2)

g
h1(p1)

h(p3) = M

⇣
g
a,h1
1 ; gb,h2

2 ;h
⌘
= i �

ab [1|2]n g�`(s12,⇤) ,

where n = 2h1 = 2h2 and �` = 1 � n is the energy dimension of the function g. The
restrictive three-point kinematics tells us that s12 = m

2
h and hence g�` is a constant that can

only depend on couplings and masses. Furthermore, little-group covariance makes the +� 0
and �+ 0 configurations vanish on-shell,

M

⇣
g
a,+
1 ; gb,�2 ;h

⌘
= M

⇣
g
a,�
1 ; gb,+2 ;h

⌘
= 0 . (19)

Thus, we only need to consider the ++ 0 helicity configuration (�� 0 is its complex conju-
gate),

M

⇣
g
a,+
1 ; gb,+2 ;h

⌘
= �

ab [1|2]2 g�1(m
2
h,⇤

2) = �
ab [1|2]2 cggh , (20)

where in the last step we renamed g�1(m2
h,⇤

2) = cggh. The three-scalar on-shell amplitude
is just a constant, without any kinematic dependence,

h(p2)

h(p1)

h(p3) = M (h;h;h) = i c3h .

Gluing the two three-point amplitudes is straightforward and results in the desired s-channel
amplitude [16],

g
a1
µ1
(p2)

g
a2
µ2
(p1) h(p3)

h(p4)

= M

⇣
g
a,+
1 ; gb,+2 ;h3;h4

⌘

s–ch.
= ��

ab c3h cggh

s12 �m
2
h

[1|2]2 . (21)

5
Under the assumption of a weakly-interacting theory, the operator giving rise to the e↵ective gg ! h

coupling arises at one-loop order [65, 66].
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Figure 1: t/u-channel factorizable contribution to gg ! hh.

Notice that despite the virtual Higgs in the s-channel being o↵-shell, c3h and cggh depend
only on m

2
h since we keep the glued-in three-point amplitudes on-shell. This expression can

be very easily generalized to the case of having a scalar in the s-channel that is di↵erent
from the final state scalars by replacing the adimensional couplings and the mass of the
intermediate state without modifying the general kinematic structure.

3.2.2 t/u-channels

These channels require gluing two gg ! h amplitudes via a virtual propagating gluon. An
example diagram can be found in Fig. 1. Since an incoming particle is equivalent to an
outgoing anti-particle with opposite momentum and helicity, there is no + + 00 helicity
configuration for the t/u-channel diagrams.

Instead, for the +�00 configuration, we can combine a ++0 and a ��0 on-shell gg ! h

amplitude to get,

M

⇣
g
a,+
1 ; gb,�2 ;h3;h4

⌘

t+u–ch.
=� �

ab |cggh|
2

4
[1|3� 4|2i2

✓
1

s13
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1

s23

◆
,

=� �
ab |cggh|

2

4
[1|3� 4|2i2

2m2
h � s12

s13s23
.

(22)

Notice that we have taken the absolute value of cggh since it is a complex number to allow
for CP-odd e↵ects.

3.3 Matching to SMEFT and HEFT

Now we turn to matching our amplitudes to SMEFT and HEFT. In Table 1 we summarize at
which orders of the EFT expansion individual contributions arise,6 purely from naive power
counting. Our first objective is to understand if matching the on-shell bootstrapped and
EFT amplitudes yields the same result as this naive analysis.

We perform rational numerical matching using the package mosca [67], in particular its
random phase-space point generator based on [68]. Our rational matching technique consists
of expressing both the EFT and the on-shell amplitude as functions of the four-momentum

6
We note that if we had adopted the power counting NHEFT that explicitly subtracts powers of gs from

Ref. [10], all the HEFT structures with gluons would e↵ectively arise an order lower.
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Amplitude Helicity Spinor structure Coe↵. Dimension
Minimal order

SMEFT HEFT

Three-point

gg ! h ++ [1|2]2 cggh �1 (1/⇤) 6 (v/⇤2) NLO⇤

hh ! h - - chhh 1 (⇤) 4 LO

Four-point

hh ! hh - - c4h 0 4 LO

gg ! hh
++ [1|2]2 c

++
gghh �2 (1/⇤

2
) 6 (1/⇤2) NLO⇤

+� [1|3� 4|2i2 c
+�
gghh �4 (1/⇤

4
) 8 (1/⇤4) NNLO⇤

Table 1: Summary of on-shell coe�cients and dimensions for gg ! hh, hh ! hh and the
related three-point amplitudes. ⇤ marks where we applied the power counting assuming that
one order of ↵s is factored out, i.e. that our HEFT operators are written as ↵s

⇡ @
m
h
n
Gµ⌫G

µ⌫ .

components of the external particles and equating them. Then, we evaluate them in N

random on-shell phase-space points generated with mosca, where N is the number of free
on-shell coe�cients to be matched. This yields a linear system of equations for the on-shell
coe�cients as a function of the WCs and other Lagrangian parameters, which we solve with
standard techniques to obtain the matching results. We verified that di↵erent sets of random
phase-space points yield the same matching results. This technique allows us to obtain exact
results, which we verified analytically for three- and four-point amplitudes, while being easily
extendable to higher-point amplitudes. The full matching results can be found in App. E.

In case of the three-point amplitudes, the minimal order at which the amplitudes arise are
equivalent in SMEFT and HEFT, see Table 1 or Eqs. (116) and (117) for cggh and Eqs. (118)
and (119) for c3h. It is worth noting an interesting di↵erence between SMEFT and HEFT.
In HEFT the gg ! h vertex receives contributions from two NLO operators, PGH and PG̃H .
Instead, in SMEFT we not only have dim-6 contributions from Q'G and Q'G̃, but also
dim-62 contributions from normalization of the kinetic terms and dim-8 contributions from
operators Q(1)

G2'4 and Q
(2)
G2'4 .

Turning now our attention to the four-point results, c++,(00)
gghh receives leading contributions

from dim-6 SMEFT operators (Eq. (123)) and NLO HEFT operators (Eq. (132)). In the
case of SMEFT, we identify ⇤ = ⇤ which automatically removes the scale from the leading
contributions to each on-shell coe�cient and generates a suppression factor of m2

h/⇤
2 or

1/(GF ⇤2) for dim-6 squared and dim-8 contributions. The identification of ⇤ with HEFT
parameters is not straightforward, and we defer the discussion until after obtaining all the
matching results.

A common feature in the results for both EFTs is the double insertion contributions
to c

++,(00)
gghh . These can not be fully explained from field-redefinition contributions to the

four-point EFT vertex. Instead, they arise, at least partially, from the non-factorizable
on-shell amplitude absorbing parts of the propagator-mediated EFT amplitude that cannot
be absorbed by the factorizable on-shell amplitude. We show this mechanism explicitly in
App. C.1. In particular, this is crucial to reproduce the physical e↵ect of the momentum-

11
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All structures arise at same order, in SMEFT more coefficients but same physics
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analytically that our on-shell bootstrapped amplitude reproduces the poles and residues of
the EFT amplitude once the three- and four-Higgs matching results are applied. Thus,
our five-Higgs on-shell bootstrapped amplitude can be matched exactly to the amplitudes
obtained from SMEFT or HEFT to obtain the relation between c5h and the WCs of the
chosen EFT. The matching technique and results will be discussed in section 4.3.

In this section, we did not need to worry about gauge (color) indices. Their addition
to the gluing procedure is trivial: if the intermediate propagating particle carries a gauge
index, we multiply the propagator by the adequate Kronecker delta and contract the index
with the corresponding ones in the subamplitudes. An example of this will be seen at the
end of the next section.

Finally, our gluing approach is inspired and closely related to the bootstrapping approach
in [21], which we will call “AHDA method” from now on. While the AHDA method applies
to any higher-point tree-level amplitude in generic EFTs, our method is proposed only for
five-point amplitudes and its extension to higher-point amplitudes is left for future work.
Our method does not assume any underlying theory, only a given particle content, and uses
as building blocks (trivalent graphs in the language of the AHDA method) all the non-
factorizable non-vanishing lower-point on-shell amplitudes allowed by that particle content.
Our gluing approach does not have free coe�cients to match afterwards, hence skipping the
last two steps of the AHDA method. Finally, we use the gluing only for the factorizable
part and always add the most general non-factorizable amplitude since we are not thinking
of a particular basis of EFT operators to a given order when building the amplitude. On
the other hand, our method is not directly suitable for cases with minimal couplings such as
all-gluon amplitudes, while the AHDA method is. We leave these cases for future studies.

4.2 On-shell amplitudes for triple Higgs production

As before, we begin by discussing the non-factorizable pieces that can be obtained by boot-
strapping. In the case of the + + 000 helicity configuration, we find two spinor-helicity
structures that are independent in the sense that can not be related by multiplying them
with generalized Mandelstam variables. Hence, the general on-shell amplitude can be written
as,

g
a,+
1

g
b,+
2 h5

h4

h3

= M

⇣
g
a,+
1 ; gb,+2 ;h3;h4;h5

⌘

NF
= i �

ab
c
++, (1)
gghhh [1|2]2 (30)

+ i �
ab
c
++, (2)
gghhh ([1|34|2][1|43|2] + [1|35|2][1|53|2] + [1|45|2][1|54|2]) ,

where c
++, (1),(2)
gghhh are analytical functions of the generalized Mandelstam variables7.

7
We checked the independence of the two structures with the algorithm in [68] as implemented in the

package MassiveGraphs, available on GitHub. We are very grateful to Stefano De Angelis for his help with

this check.

15

The spinor-helicity structure ([1|34|2][1|43|2] + ...) is a hallmark of the five-point ampli-
tude since momentum conservation in the four-point case would have reduced it to the first
structure. There is a similar spinor structure,

P5
i,j=3
i 6=j

[1|ij|2]2, to which is linearly related8.

Either of these structure can be used to form the basis of the amplitude, but we chose
the one that facilitated the matching to higher-dimensional SMEFT and HEFT operators.
In n-point amplitudes, with n > 5, further structures could appear by inserting additional
independent momenta to obtain [1|34...k|2]2 for k = 5, ..., n� 1.

The case of opposite-helicity gluons, +� 000, yields,

g
a,+
1

g
b,�
2 h5

h4

h3

= M

⇣
g
a,+
1 ; gb,�2 ;h3;h4;h5

⌘

NF

= i �
ab
c
+�
gghhh

�
([1|3|2i)2 + ([1|4|2i)2 + ([1|5|2i)2

�
,

(31)

written in an explicitly Bose-symmetric way. An equivalent way of expressing the amplitude
is,

M

⇣
g
a,+
1 ; gb,�2 ;h3;h4;h5

⌘

NF
= i �

ab
ĉ
+�
gghhh

�
([1|3|2i)2 + ([1|4|2i)2 + [1|3|2i[1|4|2i

�
. (32)

The two coe�cients are related as ĉ
+�
gghhh = 2 c+�

gghhh. We choose the former syntax for the

rest of this work. This spinor-helicity structure can naively be generalized to
Pn

i=3 ([1|i|2i)
2

for the case of a n-point gg ! h
n�2 amplitude. However, further structures could appear in

such amplitudes and we leave their investigation for future work.
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Figure 3: Factorization channels of M
⇣
g
a,+
1 ; gb,+2 ;h3;h4;h5

⌘
, up to permutations of final

state particles. Each dot is a non-factorizable on-shell amplitude.

8
The relation is

P5
i,j=3
i 6=j

[1|ij|2]2 = �2([1|34|2][1|43|2]+[1|35|2][1|53|2]+[1|45|2][1|54|2])+4 ((p3 ·p4)2+

(p3 · p5)2 + (p4 · p5)2)[1|2]
2.
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The s25 factorization channel of the +� 000 amplitude can be written as,

M

⇣
g
a,+
1 ; gb,�2 ;h3;h4;h5

⌘

F4
= �

P8
c,d=1 M

�
g
a,+
1 ; g̃c,+2+5;h3;h4

�
�
cd
M

⇣
g
b,�
2 ; g̃d,�2+5;h5

⌘

s25
+ perm. ,

(36)
where g̃2+5 is the virtual gluon that enters the subamplitudes with opposite momentum and
helicity. This can be evaluated to,

M

⇣
g
a,+
1 ; gb,�2 ;h3;h4;h5

⌘

F4
=�

ab [1|� (2 + 5)]2 h2 + 5|2i2
c
��0
ggh c

++00
gghh (s13, s14)

s25
+ perm.,

=� �
ab [1|2 + 5|2i2

(c++
ggh)

⇤
c
++00
gghh (s13, s14)

s25
+ perm. .

(37)
In the last line we used �(c++

ggh)
⇤ = c

��0
ggh and |�k]hk| = �k. Notice that the spinor products

[1|�(2+5)] and h2+5|2i initially assumed s25 = 0 since they arise from on-shell amplitudes.
However, once combined and simplified we obtain the structure [1|2+5|2i that can be easily
evaluated in the o↵-pole region, s25 6= 0, by evaluating [1|�µ

|2i and contracting it with
(p2 + p5)µ. In this case, a further simplification is allowed: [1|2 + 5|2i = [1|5|2i, since p2

is an on-shell massless momenta. The final expression allows the full bootstrapped on-shell
amplitude to reproduce the behavior of the EFT amplitudes both on- and o↵-pole. The
remaining topologies can be computed in the same way.

4.3 Matching to SMEFT and HEFT for triple Higgs production

Now we turn to matching our five-point amplitudes to SMEFT and HEFT. In Table 2 we
summarize at which orders of the EFT expansion individual contributions are expected to
arise from naive dimensional analysis. We perform the matching numerically as explained
in section 3.3. In the case of the five-Higgses amplitude, the absence of spinor structures
facilitates performing analytical matching, which we used to validate our numerical matching
procedure.

Amplitude Helicity Spinor structure Coe↵. Dimension Minimal SMEFT order Minimal HEFT order

Five-point

hh ! hhh - - c5h 0 6 (v/⇤2) LO

gg ! hhh

++ [1|2]2 c
++,(1)
gghhh �3 (1/⇤

3
) 8 (v/⇤4) NLO⇤

++ [1|34|2]2 c
++,(2)
gghhh �7 (1/⇤

7
) 12 (v/⇤8) N3LO⇤

+� [1|3|2i2 c
+�
gghhh �5 (1/⇤

5
) 10 (v/⇤6) NNLO⇤

Table 2: Summary of on-shell coe�cients and dimensions for gg ! hhh, hh ! hhh am-
plitudes. ⇤ where we applied the power counting assuming that one order of ↵s is factored
out, i.e. that our HEFT operators are written as ↵s

⇡ @
m
h
n
Gµ⌫G

µ⌫ . For the sake of brevity,

we represent the spinor structure associated to c
++,(2)
gghhh by only [1|34|2]2, see main text for

details.
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contributions arise at different orders

we cannot falsify just probe convergence

OnShell  Triple Higgs



Multi-Higgs Models and 
resonant  production
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                                                                                          Multi-Higgs Models: 2HDM

2HDM: even in the 
alignment limit

in presence of large 
scalar couplings huge 
corrections to trilinear 

Higgs self-coupling 
possible

[Degrassi, RG, Slavich ’25]

[Braathen, Kanemura ’19]

 Also in other models 
with extended Higgs 
sector

[Bahl et al. ’23; Bahl, 
Braathen, Gabelmann, 
Paßehr ’25]

And what if we find 
deviations in ?κλ
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Figure 2: Generic diagrams contributing to Higgs pair production in gluon fusion at LO.

The integration limits are given by cos ✓ = ±1, i.e.

t̂± = M
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The F1,2, F̃1,2, G1 and G̃1 summarise the various form factor contributions with their corre-
sponding coupling coe�cients. They can be cast into the form
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The form factors contain the full mass dependence and have been given in [10]. The triangle form
factors for the projection on the CP-even and CP-odd Higgs component, F e

� and F
o

�, are given
by F� in appendix A1 and by F

A

� in A2 of [10], respectively. The box form factors corresponding
to the spin-0 gluon-gluon couplings, F e

2, F
o
2 and F

m
2 , projecting on a purely CP-even, purely

CP-odd and a CP-mixed final state Higgs pair, respectively, are given by F2 of appendix A1,
A3 and A2. Finally, the CP-even, CP-odd and CP-mixed box form factors G
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corresponding to the spin-2 gluon-gluon couplings are the G2 form factors of appendix A1, A3
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H

[Arco, Heinemeyer, Mühlleitner, Radechenko ’22]
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Interference effects can be important

how to treat interference effects as model-independent as possible? benchmarks or anything 
better?

reweighing techniques important to increase computationally efficiencies for exp analysis
[Feuerstake, Fuchs, Robens, Winterbottom ’25]

how to treat best final states with different Higgs bosons?
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• Multi-Higgs Production promises to measure existing physics 

• Theory uncertainties in SM need shrinking

• EFT, in particular HEFT can bring changes in kinematic distributions 
so far not considered

• Multi-Higgs Models have rich di-Higgs phenomenology

• is challenging experimentally, in particular triple Higgs production 
    what can we learn new?
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                                                                                          UV models for HEFT HH

Figure 2: Cross section for ggF using the scalar singlet model. On the right (left) panel we
display ratio of �UV over the same quantity computed in HEFT (SMEFT) framework. Red
(blue) points refer to scan 1 (scan 2).

3.1.3 Results for gluon fusion into a Higgs pair

We compute inclusive cross section for Higgs pair production plus two jets using... Results
are collected in the following two figures. We’ve used the following parameter scan:

• scan 1: �3 2 [�4⇡, 4⇡], �2 2 [0, 4⇡], | sin(✓)|  0.15, vS 2 [0.02, 0.1vH ] and M 2

[800, 3000]GeV.

• scan 2: �3 2 [�4⇡, 4⇡], �2 2 [0, 4⇡], | sin(✓)|  0.15, vS 2 [0.01, 5vH ] and M 2

[800, 3000]GeV.

While the values for �’s , mixing angle and vS are uniformly distributed over the range
above M values were chosen between normal distributions with mean 1800, 2200, 2600 GeV
and standard deviation of 400GeV.
LT: Sometimes �SMEFT < 0, we interpret those point as a breakdown of SMEFT approxima-
tion. In particular we find an interference term that overcome the SM contribution(squared)
as stated in [62]. It seems in correspondence of high values of �3 i.e. high f values, we get
negative cross section for SMEFT meaning we are outside its convergence radius.
Most of the times the high values of �3 bring a significant contribution of 1-loop corrections.

3.1.4 Results for vector boson fusion into a Higgs pair

Vector boson fusion is the second biggest contribution for Higgs pair production at LHC. At
the partonic level this process reduces to V V ! hh where V = W±, Z.
In the following we compare the unpolarized amplitude squared computed in the scalar
singlet model with the same quantity computed in the EFT frameworks as SMEFT and
HEFT. The results are plotted as a function of f which measures the amount of symmetry
breaking to the mass of the new scalar. Following [29] we define a f parameter such that

12

[Asiáin, RG, Tiberi ‘in prep]

HEFT is the better EFT to be used in Higgs pair production for singlet model

0 < f < 1 :

f =
�3

�3 +
2µ

2
2

v
2
H

=
�3

�3 + �ex

.

Moreover f is closely related to the expansion parameter appearing when one solves the

equation of motion of the scalar singlet to obtain the e↵ective operator expansion rexp =
�3v

2
H

µ
2
2
.

Infact these quantities may be related by:

f =
�3

�3 +
µ
2
2

2v
2
H

=
2�3v2H

2�3v2H + µ2

2

=
2rexp

1 + 2rexp
.

When f ! 1(rexp ! 1) the singlet acquires all its mass from EWSB.
The amplitudes we show, being related to physical observables, do not su↵er from field
redefinition which instead would have a↵ected the same analysis if we had performed it in
terms of the couplings. We focus on the partonic amplitudes and computed them at di↵erent
centre of mass (c.o.m.) energies s at fixed value of the scattering angle. Since no significant
deviation has shown up at di↵erent values of s we refrained to compute the full cross sections.
These results are summarized in fig. 3, for which we have fixed the scattering angle to its
maximal value ↵max = ⇡

2
and s = 1TeV. The SMEFT amplitudes MSMEFT = MSM +

c

⇤2M
(6) were computed under linearised SMEFT approximation |MSMEFT|

2 = |MSM|
2 +

2 c

⇤2Re(MSMM
(6)) + O

�
1

⇤4

�
i.e. neglecting dim-8 contributions stemming from the matrix

element squared. We checked though explicitly that no di↵erence emerges when including
those terms of O

�
1

⇤4

�
stemming from Re(MSMM

(6)).
The points displayed in 3 result from a scan in the parameter space 1:

Figure 3: Unpolarized amplitudes squared for VBF using the scalar singlet model. On
the right (left) panel we display ratio of UV unpolarized amplitude squared over the same
quantity computed in SMEFT (HEFT) framework.

• scan : �2 2 [0, 4⇡], �3 2 [4⇡, 4⇡], |sin(✓)| < 0.15 and vS 2 [0.2vH , 2vH ] with M 2

[1000, 3000] GeV.

1Another scan shows that points with M < 1TeV are restricted to the 0.5  f  1 region

13

is a measure how much of the singlet mass comes from EWSB

red points:  vs ∈ [0,0.1vH] blue points:  vs ∈ [0,5vH]
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                                                                                          Power counting
With Naive Dimensional Analysis, reinstating powers of   and with c = ℏ ℏ−1/2 ∼ 4π

ℒ ⊃
Λ4

(4π)2 (
∂μ

Λ )
q

( 4πϕ
Λ )

s

( 4πψ
Λ3/2 )

f

( g
4π )

ng

( λ
(4π)2 )

nλ

( 4πv
Λ )

nv

[Manohar, Georgi ’84;
 Gavela, Jenkins, 
Manohar, Merlo ’16]

SMEFT: 
Assuming that   allows us to power count Λ ≫ v NΛ

ℒ = ℒSM + ∑
i

c𝒪

Λi
𝒪i

for Higgs physics 
i ≥ 2

respects the SM gauge 
symmetries, all fields 
transform as in SM
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                                                                                          Power counting
With Naive Dimensional Analysis, reinstating powers of   and with c = ℏ ℏ−1/2 ∼ 4π

ℒ ⊃
Λ4

(4π)2 (
∂μ

Λ )
q

( 4πϕ
Λ )

s

( 4πψ
Λ3/2 )

f

( g
4π )

ng

( λ
(4π)2 )

nλ

( 4πv
Λ )

nv

[Manohar, Georgi ’84;
 Gavela, Jenkins, 
Manohar, Merlo ’16]

SMEFT: 
Assuming that   allows us to power count Λ ≫ v NΛ

HEFT: 
The prize of splitting the SU(2) doublet of GBs and Higgs is that the theory becomes 
non-unitary at Λ > 4πv

We cannot expand in NΛ Power count in chiral dimension  Nχ = NΛ + N4π

[Buchalla, Cata, Krause ’13]
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                                                                                          Chiral dimension

ℒ ⊃
Λ4

(4π)2 (
∂μ

Λ )
q

( 4πϕ
Λ )

s

( 4πψ
Λ3/2 )

f

( g
4π )

ng

( λ
(4π)2 )

nλ

( 4πv
Λ )

nv

From the  NDA scaling we see easily that the chiral dimension counts up by

1/2 unit

0 units for each boson field ϕ = φ, Aμ

for each VEV v

for each fermionic field ψ

1 unit for each gauge/Yukawa coupling 

for each derivative

2 units for coupling  of scalar interaction φ4

chiral dimension  
Nχ = NΛ + N4π

07
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                                                                                          HEFT Lagrangian
LO Lagrangian

Goldstone matrix
U = e

iπaσa
v Vμ = (DμU)U†

Flare functions

08
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                                                                                          HEFT Lagrangian
LO Lagrangian

Goldstone matrix
U = e

iπaσa
v Vμ = (DμU)U†

Flare functions

The choice of the LO Lagrangian ( ) is convention (i.e. could also contain 4 fermion 
operators, custodial violating operators, …)

Nχ = 2
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                                                                                          HEFT cross sections
[Brivio, RG, Schmid ‘in prep]

Count all occurrences of   p ∼ m

ℳ ∼ p4−n(4π)n−2 ( p
Λ )

Np
Λ,ℳ

( 4πv
Λ )

Nv,ℳ

( g
4π )

Ng,ℳ

( y
4π )

Ny,ℳ

( λ
(4π)2 )

Nλ,ℳ

where  is the number of legs n

At the level of the cross section 

∫ dPSk = ∫
k

∏
j=1

dqj

(2π)32Ej
q2

j dΩj(2π)4δ4 (qinit − ∑n qn) ∼ p2k−4(4π)3−2k

dependence on number of legs necessary for cancellation of IR divergencies at same 
order in counting

09
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                                                                                          HEFT power counting

In the end we should count loops, external legs and chiral dimension of couplings 
[Brivio, RG, Schmid ‘in prep]

Ns,ℳ
HEFT = n − 2 + 2L + ∑

i∈vert

Nχ,i

Loop expansion

NLO

NNLO

NNNLO

LO NLO NNLO
LO

NNNLO

SMEFT power counting 
keeps EFT expansion 
independent of loop 

expansion

SMEFT

HEFT
HEFT power counting 
counts loops, so one is 

constrained on the 
diagonal

EFT expansion
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                                                                                          HEFT power counting

In the end we should count loops, external legs and chiral dimension of couplings 
[Brivio, RG, Schmid ‘in prep]

Ns,ℳ
HEFT = n − 2 + 2L + ∑

i∈vert

Nχ,i

counting  not necessary instead we can count alternativelygs ∼ p ∼ m

Nℳ
HEFT = Ns,ℳ

HEFT − Nℳ
gs

electroweak loop 
expansion

EFT expansion

NLO

NNLO

NNNLO

LO NLO NNLO
LO

NNNLO

SMEFT

HEFT

QCD loop expansion

EFT expansion

NLO

NNLO

NNNLO

LO NLO NNLO
LO

NNNLO

HEFT


