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The understanding of the shape of the Higgs potential requires experimental information on the
Higgs boson self-couplings. While current experiments already provide some insights on the
trilinear self-coupling 𝜅3 through Higgs pair production, important information will also become
accessible from the production process of three Higgs bosons in the future runs of the LHC . Even
though this process suffers from small cross sections, it is of particular interest since it depends
on both 𝜅3 and the quartic self-coupling 𝜅4. Using Graph Neural Networks we investigate the
feasibility of constraining the Higgs self-couplings through 𝐻𝐻𝐻 production and find that the
HL-LHC can be sensitive to large deviations from the SM that are allowed by the constraints from
tree-level perturbative unitarity and in an effective field theory treatment are compatible with the
present bounds on 𝜅3. We additionally address the prospects of lepton colliders operating at the
TeV energy range.
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1. Introduction

The discovery of a Higgs boson at the LHC has enacted a tremendous effort for measuring its
couplings and understanding its properties. Of particular importance are the Higgs self-couplings
which provide information about the shape of the Higgs potential. While in the SM the Higgs
potential is given by

𝑉 (Φ) = 𝜆(Φ†Φ)2 − 𝜇2Φ†Φ (1)

and is characterised by 𝜆 and 𝜇, or equivalently the Higgs mass 𝑀𝐻 and vacuum expectation value
(VEV) 𝑣, models with extended scalar sectors could have richer and more complicated structures.
Gaining information about the actual shape without assuming from the start a particular form of the
potential (as the one of the SM) is thus dependent on the ability to measure the trilinear and quartic
Higgs self-couplings. Experimental constraints can be expressed in terms of the 𝜅-framework,
where deviations from the SM lowest order couplings are defined as 𝜅𝑖 = 𝑔𝑖/𝑔SM

𝑖
for 𝑖 = 3, 4

denoting the trilinear and quartic coupling, respectively.
Current experiments can constrain 𝜅3 through Higgs pair production combining gluon-fusion

and Weak Boson Fusion (WBF) production channels [1, 2]. ATLAS [1] provides the currently
most stringent 95% C.L. bound of 𝜅3 ∈ [−0.4, 6.3] by combining different 𝐻𝐻 production channels
with data from single Higgs boson production. Triple Higgs production, while known to suffer
from small cross sections, could provide additional information on 𝜅3 and the first experimental
constraints on 𝜅4.

In this work, we motivate that large deviations on 𝜅4 are possible and discuss the bounds from
perturbative unitarity in Sec. 2 together with the correlation between 𝜅3 and 𝜅4 in an effective field
theory treatment. We explore the potential constraints at HL-LHC from the 6𝑏 and 4𝑏2𝜏 final states
in Sec. 3 and also discuss bounds from lepton colliders in Sec. 4. We conclude in Sec. 5.

2. Current bounds, unitarity and theoretical motivation

Theoretical bounds from perturbative unitarity can be placed on the self-couplings by decom-
posing the 𝐻𝐻 → 𝐻𝐻 scattering amplitude to partial waves. We calculate the tree-level zeroth
partial wave 𝑎0 for different values of 𝜅3 and 𝜅4 at various energies (similarly to Ref. [3]) and show
the obtained bounds from requiring

��Re
(
𝑎0
𝑖𝑖

) �� ≤ 1/2 in Fig. 1. We additionally show the current
experimental constraints on the trilinear coupling and the HL-LHC 95% C.L. combined ATLAS
and CMS projection, 𝜅3 ∈ [0.1, 2.3] [4]. The theoretical constraints on 𝜅3 are considerably stronger
than on 𝜅4, which can be understood in terms of an effective field theory (EFT) prescription.

Considering a generic extension of the SM potential in inverse powers of a UV-scale Λ using
powers of (Φ†Φ − 𝑣2/2) (see Refs. [5, 6]) , where Φ is the SM doublet and 𝑣 the Higgs VEV, one
can write the coupling modifiers as

(𝜅3 − 1) = 𝐶6𝑣
2

𝜆Λ2 , (𝜅4 − 1) = 6𝐶6𝑣
2

𝜆Λ2 + 4𝐶8𝑣
4

𝜆Λ4 . (2)

Here 𝐶6 (𝐶8) denotes the coefficient of the dimension-six (-eight) operator in the power expansion.
Requiring that the dimension-eight effects on 𝜅4 are smaller than the dimension-six ones yields
| (𝜅4 − 1) − 6(𝜅3 − 1) | < 6|𝜅3 − 1| (shown as a shaded region in Fig. 1). This correlation between
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Figure 1: Bounds from perturbative unitarity along with current (projected) experimental constraints are
shown as red and (dashed) black lines, respectively. The shaded light blue region denotes the region where
dimension-eight effects on 𝜅4 are smaller than the ones of dimension-six if one extends the SM potential with
higher-dimensional operators, while the dashed blue line indicates where the dimension-eight contribution
exactly vanishes, 𝜅4 − 1 ≃ 6(𝜅3 − 1).

𝜅3 and 𝜅4 shows that deviations on the quartic coupling can be more sizeable than the ones to the
trilinear coupling, in-line with the weaker constraints of perturbative unitarity on 𝜅4. Thus, if a
certain correction is induced in 𝜅3 one would expect from the perspective of an EFT with high scale
cutoff where the dimension-eight terms are negligible that the deviation in 𝜅4 from the SM value
should be six times larger than the one in 𝜅3. Similar results are also obtained for renormalisable
models as for example the Two-Higgs Doublet Model (2HDM). Loop-level effects induced by mass
splittings between the additional Higgs bosons of the 2HDM yield substantial shifts in 𝜅3 (see e.g.
Ref. [7]), and it can be shown that the corresponding corrections entering 𝜅4 are significantly larger.

3. Triple Higgs production at the HL-LHC

To investigate the feasibility of constraining 𝜅3 and 𝜅4 through triple-Higgs production at the
HL-LHC we focus on production through gluon fusion with decays of on-shell Higgs bosons to
𝑏-quarks and 𝜏-leptons. We consider the 6𝑏 and 4𝑏2𝜏 final states requiring that at least 5 and 3
𝑏-jets are reconstructed and 𝑏-tagged. The dominant background for the 6𝑏 channel arises from
multi-jet QCD events, while the 4𝑏2𝜏 state receives contributions from𝑊𝑊𝑏𝑏𝑏𝑏 (including 𝑡𝑡𝑏𝑏),
𝑍𝑏𝑏𝑏𝑏, 𝑡𝑡𝐻 𝑡𝑡𝑍 and the four-top production. All signal and background events are generated
with Madgraph [8, 9] with a minimum invariant mass of the process of 350 GeV. We impose
𝑝𝑇 (𝑏) > 30 GeV, 𝑝𝑇 (𝜏) > 10 GeV, |𝜂(𝑏) | < 2.5, |𝜂(𝜏) | < 2.5 and at least one pair of 𝑏-jets or
𝜏-leptons close to the Higgs mass [110, 140] GeV. We assume a signal (background) K-factor of
1.7 [10] (2) with tagging efficiencies of 0.8. At least one 𝜏 is assumed to decay hadronically.

The signal for each channel is selected by a tuned Graph Neural Network (GNN) utilising the
EdgeConv [11] operation, after training on the simulated signal data with (𝜅3, 𝜅4) = (1, 1) for both
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Figure 2: Contours in the 𝜅3-𝜅4 plane from two different final-states of triple Higgs production at the LHC.

channels.1 For the 5𝑏 analysis the signal region is then selected by requiring a background rejection
of ∼ 0.6%, while for the 3𝑏2𝜏 analysis the following criteria must be satisfied by the GNN score:
𝑃[𝑊𝑊𝑏𝑏𝑏𝑏] < 3%, 𝑃[𝑍𝑏𝑏𝑏𝑏] < 10% and 𝑃[𝑡𝑡 (𝐻 → 𝜏𝜏)] < 30%.

The significance 𝑍 for each channel is then calculated with the signal events 𝑆 and background
events 𝐵 that remain in the selection region, using

𝑍 =

√︄
2
(
(𝑆 + 𝐵) ln (1 + 𝑆

𝐵
) − 𝑆

)
. (3)

We assume a HL-LHC luminosity of 3/ab and also consider a combined ATLAS and CMS lumi-
nosity of 6/ab, showing the resulting 1𝜎 and 2𝜎 bounds in Fig. 2.

4. Reach assessment for lepton colliders

We finally explore the possible bounds on 𝜅3 and 𝜅4 at different proposed lepton colliders
through an inclusive ℓℓ → 𝐻𝐻𝐻 + 𝑋 analysis, capturing effects from the associated 𝑍-Higgs and
Weak Boson Fusion (WBF) channels.2 Here we only focus on the decay of the Higgs bosons to 𝑏�̄�,
requiring at least five 𝑏-jets.

As in the LHC case, we require the 𝑝𝑇 of 𝑏-quarks to exceed 30 GeV and assume a 𝑏-tagging
efficiency of 0.8. When considering low-energy collisions at around ∼ 1 TeV, the 𝑏 quarks are
produced in the central part of the detector, |𝜂(𝑏) | < 2.5. However, at high energies 𝑏 quarks can
be produced with a wider range of pseudo-rapidities. It is thus benefitial to consider detectors with
extended capabilities in tagging and allow |𝜂(𝑏) | < 4.

1For the 4𝑏2𝜏 analysis, we train the network for multi-class classification only on𝑊𝑊𝑏𝑏𝑏𝑏, 𝑍𝑏𝑏𝑏𝑏 and 𝑡𝑡 (𝐻 → 𝜏𝜏)
background contributions which we find sufficient to reject other background sources as well.

2These channels have been separately studied in Refs. [6, 12] for certain concepts.
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Figure 3: 95% enclosed regions are shown for lepton colliders with 1, 3 and 10 TeV at different integrated
luminosities. The blue lines show the 4𝑏2𝜏 results at HL-LHC for comparison and the red line shows a
combination of 6𝑏 and 4𝑏2𝜏 at the LHC assuming no correlations. The region that is excluded by the unitarity
constraint is shown as a shaded gray area.

Lepton colliders provide a clean environment avoiding large QCD backgrounds. For a signal
region enforcing a total invariant mass for the process of at least 350 GeV and one 𝑏-pair close to
the Higgs mass, no background events are expected. A Poissonian analysis is then applicable, with
the upper limit on the mean value 𝜇 of the Poisson distribution given by

𝜇up =
1
2
𝐹−1
𝜒2

[
2(𝑛 + 1); CL

]
, (4)

where 𝑛 denotes the expected events for the SM. 𝐹𝜒2 is the cumulative distribution function of the
𝜒2 distribution, and CL indicates the confidence level. We show the resulting limits in Fig. 3 for
different collision energies at different assumed integrated luminosities.

5. Conclusions

Our study indicates that even though triple-Higgs production is limited by low rates at the LHC,
its exploration provides interesting information even if it does not receive additional contributions
from extra scalar resonances. Bounds can be placed on 𝜅4 beyond the theoretical constraints from
perturbative unitarity. While as expected the bounds on 𝜅3 will be much weaker than the ones from
double-Higgs production, they should be useful for improving the sensitivity through combinations.
Additionally, if deviations are found, the correlation between the Higgs self-couplings can shed
light on the possible scenarios of physics beyond the SM. The HL-LHC results for 𝜅4 should be
competitive with a 1 TeV lepton collider such as ILC. The limits from lepton collisions at 3 and
10 TeV (e.g. CLIC or a possible muon-collider) are considerably stronger, but they will presumably
become available only on a longer time scale, such as the ones from a future higher-energetic hadron
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collider. Thus, it can be expected that the HL-LHC will be able to establish the first bounds on 𝜅4

beyond theoretical considerations.
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