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We propose to examine the discovery potential for double Higgs production at the HL-LHC and
future colliders in the final states resulting from the hh → (bb̄)(W±W∓) channel. We hope to
improve on the signal significance by adopting a deep learning framework and making full use of
the relevant kinematics along with the resulting jet, lepton and neutrino images.

The discovery of the Higgs boson (h) with a mass
mh = 125 GeV jumpstarted a comprehensive program
of precision measurements of all Higgs couplings. The
current results for the couplings to fermions and gauge
bosons appear to be in agreement with the predictions of
the Standard Model (SM). However, probing the triple
and quartic Higgs self-couplings is notoriously difficult.
Yet, the knowledge of those couplings is crucial for under-
standing the exact mechanism of electroweak symmetry
breaking and the origin of mass in our universe. The ob-
servation of double Higgs production and the associated
measurement of the triple Higgs coupling are guaranteed
physics targets in the next run of the Large Hadron Col-
lider (LHC) and at future colliders.
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are the SM values, κ3 and κ4 parameterize deviations
from those, and v ≈ 256 GeV is the Higgs vacuum ex-
pectation value. In order to access κ3 (κ4), one has to
measure the double (triple) Higgs boson production at
the high luminosity (HL) LHC or at future colliders.

Due to the small signal cross-section (σhh), it is nec-
essary to combine as many different channels as possi-
ble to discover double Higgs production and study the
triple Higgs coupling [1]. Among all possible channels,
one specific process, hh→ (bb̄)(W±W∓), has so far been
relatively overlooked, although it has the second largest
branching fraction. This is mainly due to the large SM
background cross-section σbknd ∼ 105σhh (at the 14 TeV
LHC), which is predominantly due to top quark pair pro-
duction (tt̄). In particular, there have been very few
studies on the resulting dilepton final state [2–6]. The
existing analyses employ sophisticated algorithms (neu-
ral networks (NN) [3], deep neural networks (DNN) [4, 7],
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FIG. 1: Two-dimensional correlation plots for Higgsness and
Topness for signal (left) and all backgrounds (right). The
solid curve represents a suitable cut to maximize the signal
significance.

boosted decision tree (BDT) [5, 6], etc.) to increase the
signal sensitivity, but show somewhat pessimistic results,
with a significance no better than 1σ at the HL-LHC with
3 ab−1 luminosity [3–6].

We propose to first investigate the dilepton final state
resulting from hh → (bb̄)(W±W∓) with the aid of ma-
chine learning and clever kinematics. In Ref. [8], we sug-
gested a novel method to enhance the signal significance
for hh production in this channel. The idea was to max-
imize the use of kinematic information for the dominant
background (dilepton tt̄ production). We defined two
new kinematic functions, Topness and Higgsness, which
characterize features of the major (tt̄) background and
of hh events, respectively [8]. The idea is to explore the
typical correlations between these kinematic variables for
the case of signal and tt̄ production, as shown in Fig.
1. Signal events are expected to populate the upper-
left corner, while background events are expected to be
found in the bottom-right corner. The solid curve repre-
sents a suitable cut to maximize the signal significance.
The method also utilizes two less common variables, the
subsystem MT2 (or subsystem M2) [9–11] for tt̄ and the

subsystem
√
ŝmin (or subsystem M1) [11–13] for hh pro-

duction. In principle, these features may be learned by
a neural network from the complete final state kinematic
information, but in practice, this is very difficult to do,
thus it is desirable to use both low-level and high-level
variables as inputs to the neural network.
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Another difference between the signal (hh→WW ∗ →
bb̄`¯̀νν̄) and the dominant background (tt̄ → bb̄`¯̀νν̄) is
that the two b-quarks in the signal arise from a color-
singlet (h) and therefore, the hadrons from their decays
tend to be closer to each other [14–17]. In Ref. [18],
we applied a color-flow analysis (for the first time for
double Higgs) and demonstrated a significant increase in
the final significance.

Fig. 2 shows the (preliminary) cumulative average of
the particle images for the signal (top panel) and the
tt̄ background (bottom panel). The origin of the (φ, η)
plane is taken to be the center of the b quark pair and
the density indicates the total pT in each pixel. Im-
ages from the left to the right are obtained from charged
hadrons, neutral hadrons, photons, leptons, neutrinos
using Higgsness and neutrinos using Topness. In the
previous study, we used convolutional neural networks
(CNN) with the first three images (charged hadrons, neu-
tral hadrons, photons), along with kinematic variables.
The two recent studies [8, 18] show that one can en-
hance the signal sensitivity significantly via the inter-
play of kinematics and machine learning. We regard
the hh → bb̄WW ∗ channel as important as other chan-
nels such as bbγγ, bbbb and bbττ . The goal in this pro-
posal is to further investigate all three final states in the
hh→ bb̄WW ∗ channel and to combine the results.

The first improvement that we are targeting is the ef-
fective use of the momenta of the leptons and the re-
constructed neutrinos. Lepton momentum information
was previously used in terms of kinematic variables such
as m``, ∆R`` etc. However, since jet images are used
(for color flow), it would make sense to study analogous
images of leptons and neutrinos, which would naturally
reveal the correlations among the b-tagged jet, leptons
and neutrinos. Fig. 2 shows preliminary results for the
cumulative average of the lepton images (4th column)
and neutrino images (5th and 6th) for the signal (top)
and the tt̄ background (bottom) before the baseline cuts.
The two neutrino images are obtained using either Hig-
gsness (5th) or Topness (6th). Although they are only
approximate, they do exhibit noticeable difference. As
expected, neutrino images are supposed to the same as
leptons images. We confirmed that our preliminary study
with all six images using ResNets brings additional 40%
improvement on the signal significance over results using
traditional CNN. We also plan to try more sophisticated
neural network structures such as CapsNets, and Graph

Neural Networks (GNN).

First we will roughly reproduce the current 13 TeV ex-
perimental analyses by CMS [4] and ATLAS [7]. This
will give us confidence on what we are trying to do. Us-
ing the same data set, we will perform our own analysis
with new kinematic variables (Topness, Higgsness, M2),
color-flow, lepton images and neutrino images. Then we
will repeat a similar analysis for 14 TeV and make a
projection. We will also study pile-up effects. Finally,
with the obtained approximate neutrino momenta, we
will study shape-variables. The decay products from top
quark production are more or less isotropic, while the
decay products from double Higgs events are more colli-
mated. Once tt̄ background is under control, one should
worry about the next dominant background, which is tW
production.

It is interesting to notice that the signal significance in
the hh→WW ∗ → (bb)(jj`ν) is much lower than that in
the dilepton channel. A recent study [6] shows a signifi-
cance of 0.13, with a much smaller signal over background
ratio, although a somewhat promising result has been ob-
tained in Ref. [19] using jet substructure. We will try to
improve using new ideas (Topness, Higgsness, color-flow
etc). Topness and Higgsness should be redefined prop-
erly to take into account the jet-multiplicity and the sin-
gle missing neutrino. This will be the first study in the
semi-leptonic channel with color-flow and new kinemat-
ics. In the semi-leptonic channel, where there is only one
missing neutrino, one may impose the W on-shell con-
dition to fix the z-component of the missing neutrino,
with the transverse neutrino momentum identified with
the missing transverse momentum. However, the W on-
shell condition has an issue, since imaginary solutions are
expected due to the detector resolution and finite width
effects. We expect that Topness and Higgsness would
perform better, solving the combinatorial problem.

The fully hadronic channel is not expected to provide
a decent signal significance due to the large QCD back-
ground, but is a very interesting channel because of the
4-prong jet structure. In this final state, we plan to fo-
cus more on the kinematics and study how well one can
tag this 4-prong jet against the backgrounds. Here the
combinatorial problem is severe and we can develop some
kinematic methods to resolve multiple jets. The method
will be immediately applied to the resonant double Higgs
production.
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