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1 Introduction

Precision measurements of the Higgs boson self-couplings, which determine the shape
of the Higgs potential at the heart of the electroweak symmetry breaking mechanism,
have been deemed of utmost priority in the current particle physics strategies [1–3].

The trilinear Higgs boson self-coupling, hereafter denoted λhhh, can be directly
measured in high-energy physics experiments through the production rate of Higgs
boson pairs (HH). HH production at the hadron-hadron Future Circular Collider,
FCC-hh, is dominated by the interaction of two gluons mediated by a loop of heavy
quarks [4]. This gluon-gluon fusion (ggF) HH production mode further decomposes
into two contributions, whose highly destructive interference significantly lowers the
resulting cross section σgg→hh. One involves both the trilinear Higgs boson self-
coupling λhhh and the Yukawa coupling yq of the Higgs boson to the mediating quark
q = t, b, ... in a triangle-shaped loop, the other contribution depends solely on the
Yukawa coupling in a box -like quark loop (Fig. 1).

In this preliminary note, we first investigate the kinematic differences between these
two processes at the loop-induced leading order (LO) and generator level in section 2.
We then study the separation of the triangle and box contributions using a boosted
decision tree (BDT) or deep neural network (DNN) trained on their kinematics in
section 3. We show that we can effectively enhance the purity of the triangle process
involving the trilinear Higgs boson self-coupling λhhh, considering the box contribution
as a background to discard.
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Fig. 1: Feynman diagrams of the leading-order (LO), loop-induced, triangle (a)
and box (b) contributions to gluon-gluon fusion HH production, the dominant HH
production mode for high-energy hadron colliders like the FCC-hh; adapted from
Ref. [5]. The corresponding probability amplitudes are proportional to κt ≡ yt/y

SM
t

and κλ ≡ λhhh/λ
SM
hhh, respectively the Higgs-top Yukawa coupling and trilinear Higgs

self-coupling modifiers.

2 Generator-level kinematics of Higgs boson pair
production at LO

We use MadGraph aMC@NLO to generate triangle, box, and undifferentiated gg → hh
events at the loop-induced LO. Fig. 2 shows the normalised distributions of kinematic
variables of the two final state Higgs bosons for the triangle, box, and interference
contributions, the latter being deduced by subtracting the unnormalised triangle and
box distributions from the unnormalised total.

The mhh and pT,h distributions for the box process, corresponding to the total HH
production for κλ = 0, closely match Fig. 14 from Ref. [6]. The min ηh and max ηh
distributions further confirm that both Higgs bosons are more forward, i.e. have a
higher pseudorapidity ηh corresponding to a lower transverse momentum pT,h, when
produced through the trilinear Higgs boson self-coupling.

At the leading order, the ggF HH production cross section is a quadratic function
of the trilinear Higgs boson self-coupling modifier κλ ≡ λhhh/λ

SM
hhh parametrising the

discrepency of λhhh from its expected value λSM
hhh in the Standard Model (SM):

σLO
gg→hh = κ2

λκ
2
tσ

LO,SM
△ + κλκ

3
tσ

LO,SM
inter + κ4

tσ
LO,SM
□ .

The cross section of the interference contribution is related to the triangle and box
contributions through an interference angle θ such that

σLO,SM
inter = 2 cos θ

√
σLO,SM
△ σLO,SM

□ .

This equality allows us to compute cos θ for various center-of-mass energies, and
find that it varies only slightly from cos θ = −0.896 at 14 TeV to cos θ = −0.886 at
100 TeV.
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Fig. 2: Normalised distributions, i.e. binned differential cross sections divided by the
integrated cross sections, of the generated Higgs boson pair for the triangle, box,
and interference contributions: invariant mass mhh (a), transverse momenta pT,h (c),

angular separation ∆Rhh ≡
√

(∆ηh)2 + (∆ϕh)2 (e), pseudorapidities ηh (b), minimum
and maximum pseudorapidities minh=h1,h2

ηh (d) and maxh=h1,h2
ηh (f).
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We define the reduced LO gg → hh cross section

σ̂LO
gg→hh(κλ, κt) ≡ σLO

gg→hh(κλ, κt)/σ
LO,SM
gg→hh

=
κ2
λκ

2
tσ

LO,SM
△ + 2κλκ

3
t cos θ

√
σLO,SM
△ σLO,SM

□ + κ4
tσ

LO,SM
□

σLO,SM
△ + 2 cos θ

√
σLO,SM
△ σLO,SM

□ + σLO,SM
□

where σLO,SM
gg→hh = σLO

gg→hh(κλ = 1, κt = 1) by definition of κλ and κt. The sensitivity

of σ̂LO
gg→hh to κλ, illustrated by the sharpness of the corresponding parabola, is given

by the second-order factor

σLO,SM
△ /σLO,SM

gg→hh,

which is the signal-to-background ratio (assuming the SM value κλ = 1) when
we only consider the triangle contribution as the signal, instead of the entire HH
production as it is generally done. To improve the precision of the trilinear Higgs boson
self-coupling measurement from an upper bound on the HH production rate, we will
thus purify the triangle contribution using a classifier trained on our box and triangle
event samples.

3 Triangle-enhancing event classifier

Using Keras, the high-level API of TensorFlow, we create and train an XGBoost
boosted decision tree (BDT) and a deep neural network (DNN) to classify triangle and
box events usingmhh, pT,h, min ηh, max ηh, yhh, and ∆Rhh. Fig. 3 shows the responses
of the BDT and DNN for our triangle and box event samples. The area under the
ROC curve is 0.72 in both cases. Fig. 4 shows how the σLO

gg→hh(κλ, κt = 1) parabola
becomes sharper and sharper w.r.t. the threshold of the triangle-enhancing cut.

(a) (b)

Fig. 3: BDT (a) and DNN (b) classifier responses for triangle and box events.
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Fig. 4: Evolution of the reduced LO cross section σ̂(κλ, κt) ≡ σLO
gg→hh(κλ, κt)/σ

LO,SM
gg→hh

w.r.t. the trilinear Higgs boson self-coupling modifier κλ ≡ λhhh/λ
SM
hhh for different

values of the triangle-enhancing cut assuming the SM value of the Higgs-top coupling
(κt = 1).

4 Conclusion

In this preliminary study, we showed that we could exploit the distinct kinematic
signature of the ggF HH production contribution which is sensitive to the trilinear
Higgs boson self-coupling λhhh to improve the sensitivity of the λhhh measurement.
To properly assess this strategy, an application to a full hh → bbγγ analysis [7] is
ongoing and other HH decay channels like hh → bbτ+τ− will be also considered in the
near future. The kinematics of ggF HH production should also be studied at the next-
to-leading order (NLO). Lastly, focusing on the reduction of the highly-destructive
interference contribution could enhance the purity of the triangle contribution whilst
keeping sufficient statistics, as HH production is already 103 times less frequent than
single-Higgs production.
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M. Carena, B. Döbrich, J. Jaeckel, G. Krnjaic, J. Monroe, K. Petridis, C. Weniger,
C. Biscari, L. Rivkin, P. Burrows, F. Zimmermann, M. Benedikt, P. Campana,
E. Gschwendtner, E. Jensen, M. Lamont, W. Leemans, L. Rossi, D. Schulte,
M. Seidel, V. Shiltsev, S. Stapnes, A. Yamamoto, X. Lou, B. Vachon, R. Jones,
E. Leogrande, I. Bird, S. Campana, A. Cattai, D. Contardo, C. Da Via, F. Forti,
M. Girone, M. Kasemann, L. Linssen, F. Sefkow, G. Stewart, H. Abramowicz,
R. Forty, Physics Briefing Book: Input for the European Strategy for Particle
Physics Update 2020. Tech. rep., Geneva (2019). URL https://cds.cern.ch/record/
2691414. 254 p

[3] S. Asai, A. Ballarino, T. Bose, K. Cranmer, F.Y. Cyr-Racine, S. Demers, C. Ged-
des, Y. Gershtein, D.C.K. Heeger, B. Heinemann, J. Hewett, P. Huber, K. Mahn,
R. Mandelbaum, J. Maricic, P. Merkel, C. Monahan, C.H. Murayama, P. Onyisi,
M. Palmer, T. Raubenheimer, M. Sanchez, R. Schnee, S. Seidel, S.H. Seo, J. Thaler,
C. Touramanis, A. Vieregg, A. Weinstein, L. Winslow, T.T. Yu, R. Zwaska, Explor-
ing the Quantum Universe: Pathways to Innovation and Discovery in Particle
Physics. Pathways to Innovation and Discovery in Particle Physics. Report of the
2023 Particle Physics Project Prioritization Panel (P5). Tech. rep. (2023). https://
doi.org/10.2172/2368847. URL https://cds.cern.ch/record/2905898. 2-page spread
version. The online version is available at https://www.usparticlephysics.org/2023-
p5-report/ and the graphics at https://usparticlephysics.org/media-assets-library

[4] B.D. Micco, M. Gouzevitch, J. Mazzitelli, C. Vernieri, Higgs boson potential at
colliders: Status and perspectives. Reviews in Physics 5, 100045 (2020). https://
doi.org/10.1016/j.revip.2020.100045. URL http://dx.doi.org/10.1016/j.revip.2020.
100045

[5] I. Neutelings. Gluon fusion (2021). URL https://feynm.net/higgs pair pp.
Licensed under CC BY-SA 4.0
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