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Probing the nature of electroweak symmetry breaking with Higgs boson pairs in ATLAS
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Constraints on the Higgs boson trilinear self-coupling modifier κλ and non-SM HHVV coupling strength
κ2V are set by combining di-Higgs boson analyses using bb̄bb̄, bb̄τ+τ−, bb̄γγ, bb̄ll+Emiss

T and multileptons
decay channels. The data used in these analyses were recorded by the ATLAS detector at the Large
Hadron Collider in proton–proton collisions at

√
s = 13 TeV and correspond to an integrated luminosity

of 126-140 f b−1. The combination of the di-Higgs analyses sets an upper limit of signal strength µHH <

2.9 at 95% confidence level on the di-Higgs production and constraints for κλ between -1.2 and 7.2. The
obtained confidence interval for κ2V coupling modifier is [0.6,1.5]. The Higgs effective field theory has
been tested, and constraints on two Wilson coefficients have been added.

1 Introduction

The discovery of the Higgs boson by ATLAS1 and CMS2 experiments at the CERN Large Hadron Collider
(LHC) 3 opened opportunities to measure the boson’s properties and test new hypotheses. In the Standard
Model (SM)4,5,6 Higgs boson potential7,8 provides spontaneous electroweak symmetry breaking that gives
rise to its self-interactions. The Higgs boson self-interactions can be described among others by trilinear
self-coupling λHHH that can be predicted at lowest order from Fermi constant GF

9 and the Higgs mass mH

expressed by equation (1):

λHHH =
m2

HGF
√

2
(1)

The validity of the SM in the Higgs sector can be tested using the ‘kappa framework’10,11, in which a cou-
pling modifier κm is defined as the ratio of the coupling strength between the particle m and Higgs boson to
its SM value. The deviation of κm from unity would indicate physics processes beyond SM. For di-Higgs
production κλ, κt, κV and κ2V are considered. The κλ is Higgs boson self-coupling modifier. The κV and κt
describe modifying the SM Higgs boson coupling to W or Z bosons and up-type quarks, respectively. The
κ2V is related to the VVHH interaction vertex. The κλ coupling modifiers can be measured in the gluon-
gluon fusion process (ggF HH) and vector boson fusion (VBF). The κV and κ2V can be measured in the
VBF processes. At the LHC, Higgs boson pair-production is dominated by ggF processes and the overall
predicted cross-section in the SM is σSM

ggF(pp → HH) = 31.1+1.9
−7.1(scale + mtop) ± 09 (PDF + αs) fb at

√
s

= 13 TeV 12,13,14,15,16. The second largest Higgs pair-production process at the LHC is VBF with σSM
VBF =

1.73±0.04 fb at
√

s = 13 TeV17,18,19. The deviation of the double Higgs boson production from the SM can
also be tested using Higgs Effective Field Theory (HEFT)20,21. The HEFT is a framework used to describe
the dynamics of the Higgs boson without the assumption of the SM’s linear realization of electroweak
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symmetry breaking. The HEFT Lagrangian describes ggF double Higgs boson production at leading order
(LO) by five relevant operators and their associated Wilson coefficients ctth, cggh, chhh, cgghh, and ctthh. The
HEFT allows for a more flexible, non-linear interpretation of Higgs interactions. This approach can accom-
modate scenarios where the Higgs sector exhibits complex or exotic behavior, such as strong dynamics or
deviations from SM predictions. HEFT is particularly useful for exploring anomalous Higgs couplings and
interactions in experimental data, providing a broader theoretical foundation for understanding the Higgs
boson’s role in particle physics. Figure 1 represents LO diagrams of the ggF and VBF production processes
at the LHC featuring coupling modifiers described above.

(a) (b) (c)

(d) (e) (f)

Figure 1 – Examples of LO Feynman diagrams for Higgs boson pair production, via ggF production (a), (b), (e), (f), and via VBF
production (c), and (d). Diagrams (e) and (f) manifest only when deviations from the SM predictions are present in the HFET
Wilson coefficients cgghh and ctthh.27

2 Higgs boson pair production in ATLAS

The Higgs pair-production is measured in different decay channels bb̄bb̄ 22, bb̄γγ 23, bb̄ττ 24, bb̄ll 25 and
with leptons in the final state26. The combination of mentioned channels27 will be discussed in this report.
Analysis-specific details can be found in the above-referenced publications. The first measured parameter of
the combined results is signal strength µHH defined as a ratio of di-Higgs production cross-section including
only ggF and VBF processes to its SM prediction of 32.8+2.1

−7.2 fb. The expected and observed upper limits on
µHH at 95% CL are 2.4 and 2.9, respectively. The best-fit value obtained from the fit to the data µHH=0.5+1.2

−1.0
is compatible with the SM prediction of unity, with a p-value of 0.64. The obtained limits of µHH for each
particular channel entering the combination and the results of the combination itself are shown in Figure 2.

The combination constraints for κλ and κ2V coupling modifiers are shown in Figure 3. Presented limits
for κλ and κ2V are obtained by using the values of the test statistic (-2lnΛ) as a function of κλ in the
asymptotic approximation and including the theoretical uncertainty of the cross-section predictions. The
obtained limits for κλ for each discussed analysis are collected in Table 1, and the combination constraint
at 95% CL is -1.2 < κλ < 7.2 (observed) and -1.6 < κλ < 7.2 (expected). The κ2V coupling modifier for
each mentioned channel and their combination have been obtained by fixing all other coupling modifiers to
unity and with the expected value derived from the SM hypothesis. The expected and observed at 95% CL
combined constraint for κ2V are 0.4 < κ2V < 1.6 and 0.6 < κ2V < 1.5, respectively. Table 1 includes κ2V

constraints for each channel under combination.
Figure 4 represents two Wilson’s coefficients, obtained after combination of the three most sensitive

decay channels bb̄bb̄, bb̄γγ, and bb̄ττ. The constraints for cgghh and ctthh with all other coefficients fixed to
the SM predictions have been obtained. The observed interval at 95% CL on cgghh is -0.38 < cgghh < 0.49
which is compatible with the SM predictions with a p-value of 0.087. Similarly, the observed interval at



Figure 2 – Observed and expected 95% CL upper limits on the signal strength for di-Higgs production from the bb̄bb̄, bb̄τ+τ−,
bb̄γγ, bb̄ll + Emiss

T , multileptons decay channels, and their statistical combination. The value mH = 125 GeV is assumed when
deriving the predicted SM cross-section. The expected limit and the corresponding error bands are derived assuming the absence
of the HH process and with all nuisance parameters profiled to the observed data.27

(a) (b)

Figure 3 – The observed (solid lines) and expected (dashed lines) values of the test statistic (-2lnΛ) as a function of (a) κλ and (b)
κ2V . The different colors represent the results of the the individual channels. The combination results are represented by black
color.27

bb̄bb̄ bb̄ττ bb̄γγ bb̄ll ML
Observed 95% CL -3.5 < κλ < 11.3 -3.1 < κλ < 9.0 -1.4 < κλ < 6.9 -6.2 < κλ < 13.3 -6.2 < κλ < 11.6
Expected 95% CL -5.4 < κλ < 11.4 -2.5 < κλ < 9.3 -2.8 < κλ < 7.8 -8.1 < κλ < 15.5 -4.5 < κλ < 9.6
Observed 95% CL 0.0 < κ2V < 2.1 -0.5 < κ2V < 2.7 -0.5 < κ2V < 2.7 -0.17 < κ2V < 2.4 -2.5 < κ2V < 4.6
Expected 95% CL -0.1 < κ2V < 2.1 -0.2 < κ2V < 2.4 -1.1 < κ2V < 3.3 -0.51 < κ2V < 2.7 -1.9 < κ2V < 4.1

Table 1: Summary of κλ and κ2V observed and expected constraints for the HH → bb̄bb̄, HH → bb̄ττ, HH → bb̄γγ,
HH → bb̄ll + Emiss

T and multileptons (ML) analyses. Limits are obtained using the test statistic (-2 lnΛ) in the asymptotic
approximation. The expected constraints are derived under the SM assumption. All other coupling modifiers are fixed to the SM
value.



95% CL on ctthh is -0.19 < ctthh < 0.70 and is compatible with the SM prediction with a p-value of 0.16.

(a) (b)

Figure 4 – The observed test statistic (-2lnΛ) as a function of (a) cgghh and (b) ctthh. The different colors represent the results of the
the individual channels. The combination results are shown in black.27

3 Conclusions

The double Higgs production searches offer a unique opportunity to investigate the mechanism of elec-
troweak symmetry-breaking. The measurement of λHHH is challenging due to very small cross-sections of
the di-Higgs production processes. Constraints are set on the signal strength µ as well as on κλ and κ2V .
The obtained limits intervals for each considered channel are wide, but by the combination of all channels,
the constraints have been limited to 0.1 < κ2V < 2.0 and -0.6 < κλ < 6.6. The constraints of the two HEFT
Wilson coefficients have been estimated as well. No deviations from the SM have been observed. The
di-Higgs searches are also a good probe for beyond SM heavy resonance searches 28,29,30,31. However, the
ATLAS experiment is in the Run-3 data-taking phase, where it is expected to collect two times more data
than during Run-2 and finally reach LHC runs with high luminosity. That significant amount of data will
offer an unprecedented opportunity to increase the sensitivity of the mentioned channels and provide better
limits for the coupling modifiers.
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