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Higgs boson pair production is a well-known probe of the structure of the electroweak symmetry
breaking sector. We illustrate this using the gluon-fusion processes pp — H — hh — (bb)(bb) in the
framework of two-Higgs-doublet models and show how a machine learning approach (three-stream
convolutional neural network) can substantially improve the signal-background discrimination and thus

improve the sensitivity coverage of the relevant parameter space. We further show that such gg — hh —

bbbb processes can probe the parameter space currently allowed by HIGGSSIGNALS and HIGGSBOUNDS at
the HL-LHC. Results are presented for 2HDM types I through IV.
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I. INTRODUCTION

The origin of mass is highly related to the mechanism
involved in electroweak symmetry breaking (EWSB),
which is believed to give mass to matter and gauge bosons.
The simplest implementation of EWSB in the standard
model (SM) is to introduce a Higgs doublet field [1-3]. In
July 2012, a particle was discovered with properties
consistent with the neutral scalar Higgs boson described
by the standard model (SM) theory [4,5]. Considering the
data accumulated up to 2018, this scalar boson is still
described well by the SM Higgs boson [6-9]. However, the
SM cannot be a complete theory, because there are a
number of observations that it cannot explain, including
neutrino oscillations [10], the presence of dark matter and
dark energy in the Universe [11], and baryon asymmetry
[12]. The Higgs boson also suffers from the so-called gauge
hierarchy problem [13].

However, there is no a priori reason why the EWSB
sector simply contains only one Higgs doublet field.
Indeed, many new physics models which resolve one or
more of the above problems with the SM involve
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extensions of the EWSB sector. For example, supersym-
metry is a well-known solution to the gauge hierarchy
problem and has at least two Higgs doublet fields.
Therefore, probing the EWSB sector may give insights
into ultraviolet physics at the TeV scale. One of the best
ways to probe the structure of the EWSB sector is to probe
the Higgs self-couplings. This is because the self-couplings
of the Higgs boson are very different among the SM,
two Higgs doublet models (2HDM), MSSM, and any
composite Higgs models. One of the probes of Higgs
self-couplings is Higgs-pair production via gluon fusion at
the LHC [14-24]. Higgs-pair production beyond the SM
has been very well studied, for example [25] and references
therein. Production rates of Higgs boson pairs vary with
variations in the Higgs self-coupling, A5y, or due to the
presence of heavier Higgs bosons, providing an experi-
mental signature which can be used to test the various
models for physics beyond the SM. In Higgs pair produc-
tion via gluon fusion, the dominant contributions to the
cross section are from triangle and box diagrams, which
interfere with each other. In 2HDM, the triangle diagram
can involve the Higgs self-trilinear couplings Ay, and 4.
In particular, the resonance effect of the heavier CP-even
Higgs boson can substantially enhance the production rate
of hh pairs. The production rate largely depends on the
parameters of the 2HDM, such as cos(ff — a), tan 3, and
m?, in addition to the My and I'y.

In this work, we study the signal process pp — hh —
(bb)(bb) via gluon fusion against the SM multijet back-
ground. It is well known that the signal is overwhelmingly
buried under the multijet background. The study using the
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conventional cut-based approach did not give enough
significance even at the High-Luminosity LHC (HL-
LHC). We make use of the boosted feature of the final-
state Higgs boson pair &h, due to the decay of the heavier
CP-even Higgs boson. A specific classifier was developed
in Ref. [26], which can be employed to significantly
enhance the signal-background ratio. We show that a
three-stream convolutional neural network (3CNN) can
substantially improve the significance of the signal com-
pared to a boosted decision tree (BDT) or conventional cut-
based approach. At the end of the analysis, we show the
95% sensitivity coverage of the parameter space of the
2HDM Type [, 11, III, and IV. The current study focuses on
the boosted regime of Higgs boson pair production, where
our classifier is very effective at reducing the SM multijet
background. In the literature, there are analyses that probe
the Higgs self-coupling in channels such as hh — bbyy
[27,28], hh — bbWW* [29,30], hh — bbbb [31], and a
resonance search [32].

We summarize our findings that show improvements.

1. Making use of the 3CNN we have successfully cut
down the multijet background by more than a factor
of 20 compared with the conventional cut-based
approach. Thus, we can explore the much larger
parameter space of the 2HDM:s.

2. Detection of Higgs-pair production via the 4b mode
is extremely difficult. The current upper limit on
the production cross section pp — X — hh via the
4b mode is about 10 fb for My ~1 TeV [33].
With the use of 3CNN and running at the HL-
LHC, we show that the 95% sensitivity can be down
to o(pp = X = hh) ~O(1) fb.

The paper is organized as follows. In the next section, we
briefly describe the 2HDM types, as well as the resulting
relevant parameters for Higgs-pair production. In Sec. III,
we describe the signal and background processes, including
the sample generation and event selection. In Sec. IV, we
introduce the machine learning approaches, including BDT
and 3CNN classifiers. In Sec. V, we scan the parameter
space of the 2HDMs to provide a description of the
parameter space coverage at the HL-LHC, including the
current restrictions on the parameter space due to
HIGGSSIGNALS and HIGGSBOUNDS. We conclude in Sec. VI.

II. TWO HIGGS DOUBLET MODELS

The 2HDM extends the SM by adding the second
complex Higgs doublet field. The 2HDM Higgs sector,
therefore, consists of @; and ®, [34]:

+

W .
q)i =\ vtn+in; | i=1,2,
V2

(2.1)

where v; and v, are the vacuum expectation values (VEV)
of @, and ®,, respectively. The ratio of these two VEVs is

defined by tan 8 = v,/v,. The dangerous flavor-changing-
neutral-currents (FCNC) at tree level are avoided by
imposing a discrete Z, symmetry, under which ®; — @,
and ®, — —®, [35,36]. The scalar potential with softly
broken Z, and CP invariance is

V = m} (@ + m3,®10, — miy(®]®, + He.)
1 1 .
+ 5/11 (®]@) + Eﬂz(q’zq’z)z + 13 (@] @, ) (D)

$4(@]0,) (@0) + 5 25[(@]0,)? +Hel.  (22)

where the m?, term softly breaks the Z, symmetry.

The two Higgs doublets result in five physical Higgs
bosons: a pair of CP-even scalar bosons # and H, a CP-odd
pseudoscalar A, and a pair of charged Higgs bosons H*.
The masses of the physical Higgs bosons are related to the
values of the couplings /s in the scalar potential, the mixing
angle, a, of the CP-even scalar bosons, and /. For the five
physical bosons, these couplings are [37]:

A= 2c2 [caMp, + szmy, — tymi,],
p
1
b = —— |$2M?% + cEm? — —m?3, |,
2 vzsé{“ H altp s 12
1, S2a (2 2 mi,
A =— 2MHt +—=(My —mj) ——=|,
v L S2/} S/}C/;
1 m?
A= Mi—ZMéi—i——lz},
v L S/}C/;v
1 [m3,
5= 21, (2.3)
v SﬂCﬁ

where s, =sina, ¢, = cosa, 15 =tanp, etc. The six free
parameters of the 2HDMs are

{mh’MI'I?MA’MHi’tﬂ?Cﬂ—a}' (24)

Note that we focus on the scenario in which the lighter
CP-even scalar Higgs boson £ is the SM-like Higgs boson
observed, and in this scenario Choa is constrained to be
close to zero by the current Higgs boson data.

Conventionally, there are four assignments of the Z,
parity for the SM fermions, resulting in 2HDM Type [, II,
III, and IV, which differ among themselves in the couplings
of Higgs bosons to fermions. The Yukawa couplings in
2HDM can be parametrized as
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Ly= Z[ Eiffh+ f«:;’ffH l—é’f;'sz
f

[”"‘1 AmEAPy + mahPy)d

\/_mf

Y HY AT £ + Hec (2.5)

are presented in Table L.
Since the parameter cos(ff — @) is constrained to be close
to zero by the Higgs boson data, it is instructional to expand
the relevant couplings in terms of cos(ff —a). We are
considering the following gluon-fusion process

where the modifiers .f;':H A

pp — H— hh — (bl_))(bl;)

The relevant couplings include the trilinear coupling 4y,
Yukawa couplings Aff‘bH of h and H. The trilinear coupling
Ay 18 given by

2m?

- 2<352a—szﬂ) .
S2p

(2.6)

The Yukawa couplings can be expanded similarly. For
example, in Type II they are given by

Cy Cp_q 1
e @
Sa
g = e L +@+O(c3 ) (29)
S/,v t/} p—a 2 t/} p—a
2
AH lﬂ"‘Cﬂ a_ﬁ+(9(c3 ) (210)
c/; 21, fma

Other types can be expanded similarly. It is straightforward
to see that the production cross section via the resonance
CP-even H scales as cos’(ff — a).

TABLE I. The Yukawa coupling modifiers in the four types of
the 2HDM.
hogh  gh gH gH gH gA pA gA
gu d E{ éu d ff u é:d é:f
B Ca C G Sa Sa Sa 1 _1 _1
type I Sp Sp Sp Sp Sp S 1y 1y g
- Ca _Sa _Sa Sa Ca Ca 1
type i Sp ¢ g Sy cp Cpo 1y tﬂ t/}
- - ifi Ca Ca _S¢ S« Sa G« 1 _ 1
type-1II (lepton-specific) T Rl et - Iy
- i Ca _S¢ Ca  S¢ Ca S¢ 1 _1
type-1V (flipped) S T o oo BT
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FIG. 1. A Feynman diagram for resonant Higgs boson pair

production via gluon fusion in the two-Higgs-doublet model.

2HDM theories are highly constrained by Higgs signal
strength data from the LHC [38-45], as well as by direct
search bounds on heavy CP-even and CP-odd scalar bosons
and charged Higgs bosons. We use HIGGSBOUNDS-5.10.2
[46-51] and HIGGSSIGNAL-2.6.2 [52-55] to test the validity
of the parameter space points considered here.

III. SAMPLE GENERATION
AND EVENT SELECTIONS

In this study, the signal is resonant Higgs boson pair
production via gluon fusion in 2HDM, as shown in Fig. 1.
We consider QCD multijet and top-quark pair production
(ff) processes to be irreducible SM backgrounds. Other
background processes, such as the nonresonant (con-
tinuum) SM hh' and electroweak diboson production,
are negligible [33].

We consider processes in which the light Higgs boson &
(m;, = 125 GeV) pair comes from a heavy CP-even scalar
H with mass My = 1000 GeV. The other physical para-
meters at this benchmark point are M, = M ;= = 1000 GeV,
m?, = 400,000 GeV?, tanf = 5, and cos(f —a) = 0.01.
This benchmark point is still allowed under current limits®
and close to the alignment limit in Type 1I 2HDM.

A. Monte Carlo samples

We used MADGRAPHS_AMC@NLO 2.7.2 [56] to model
the signal and background processes in pp collisions at
\/s = 14 TeV. The hard-scattering events are passed to
PYTHIA 8.244 [57] to simulate the parton shower and hadro-
nization, using the default settings. Following Ref. [33], the
NNPDF30 nlo as 0118 [58] parton distribution func-
tion (PDF) is used for the next-to-leading-order calculation of
the signal and NNPDF23_ 1o _as_0130_ged [59] for the
leading-order calculation of the backgrounds.

For signal event generation, the general 2HDM pre-
pared with FeynRules is used [60]. This model file contains
all additional rules needed to promote a 2HDM Lagrangian

'We have verified with a parton-level calculation that the
resonance peak in the invariant-mass distribution M}, stands
tremendously above the continuum hh production.

*We verified by HIGGSBOUNDs-5.10.2 and HIGGSSIGNAL-2.6.2.
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to one-loop computations in QCD and electroweak
couplings within a completely general 2HDM setup. The
loop—induced gluon-fusion production process gg — H is
generated automatically at the leading order within
MADGRAPHS5_AMC @NLO. The input parameters of the bench-
mark point for loop propagators and s—channel Higgs boson
widths are submitted to MADGRAPH5_AMC@NLO 2.7.2
through parameter cards in the standard setup. The latter
are constructed with the public calculator 2HDMC [61] with
HiggsBounds-5.10.2 [47-51] and HIGGSSIGNAL-2.6.2
[52-55] extensions. Moreover, the decay chain H — hh —
bbbb is implemented by MADSPIN [62] and the light Higgs
boson 7 is set to decay 100% into bb during production to
improve selection efficiency. The H — bb branching ratio is
then used for the actual event rates.

The 7 background is simulated at leading order and up to
two more jets with the matching scale 20 GeV via MLM
prescription [63,64]. The other background, the multijet
process, is flavor-inclusive. For the multijet process, we
require 1htmin (inclusive scalar sum H, for all partons) to
be 850 GeV to enhance simulation efficiency. The cross
sections of the background samples are normalized based
on the event yield given in the ATLAS analysis.

PYJET [65,66] and the anti-k, [67] algorithm with cone-
radius parameter R = 1.0° are used to define the boosted
jets. After these boosted jets are formed, we require the
transverse energy (E7) of the leading large-R jet to be
>420 GeV and invariant mass of the leading large-R jet to
be >35 GeV. A trimming procedure [68] is then per-
formed. The constituents in large-R jets are re-clustered
into “subjets” using the k; algorithm [69] with R = 0.2.
Subjets with less than 5% of the transverse momentum p
of the large-R jet are then removed.

After the trimming procedure, an event level preselection
is applied, following Ref. [33]. Each event is required to
contain at least two large-R jets with py(J;) > 450 GeV
and pr(J,) > 250 GeV where J; and J, are the leading
and subleading jets, respectively. These two large-R jets are
also required to have pseudorapidity |7(J)| <2 and jet
mass M(J) > 50 GeV. After applying the preselection,
there remain 600k events from signal and total background
for training. In order to generate enough statistics for the
analysis, there are 600k events and 2.3M events from the
signal and total background for testing, respectively.

As an additional selection, the Higgs jet is required to
satisfy double b-tagging. Jets are declared double H-tagged
if they have two or more ghost-associated [70,71] B
hadrons. This approach is similar to the subjet b-tagging
in ATLAS [72,73]. We do not include effects from pileup in
this study. This is motivated by [26], which shows that

The angular separation between two jets is defined by AR =
(An)? + (A¢g)? where 5 is the pseudorapidity and ¢ is the
azimuth angle.

classification performance is relatively unchanged by
pileup when neutral particles are not involved.

B. High-level features

In order to distinguish the signal from SM backgrounds
via BDTs, the following fifteen commonly-used high-level
features are considered:

1. Mj;: invariant mass of the leading and subleading
large-R jets;

2. M(J;) and M(J,): invariant mass of the leading jet
J; and the subleading jet J,, respectively;

3. |An(JJ)| = |n(Jy) —n(J,)| where n(J) is the pseu-
dorapidity of the jet J;

. M(J,)—124 GeV\2 M(J,)—115GeV\2 .
4 Xun: \/( 0.]1><M(J])e ) "’( O‘leM(Jz)e )" [331;

5. 71 = 7,/7;: ratio of n-subjettiness of the leading jet
and the subleading jet [74,75];

6. DY) = e /()3 with p =1, 2: ratios of energy
correlation function of the leading jet and the
subleading jet [76];

7. Cgﬂ) = egﬁ)/(e;ﬂ))2 with # = 1, 2: ratios of energy
correlation function of the leading jet and the
subleading jet [77];

where ¢; is the normalized sum over doublets (i = 2) or
triplets (i = 3) of constituents inside jets, weighted by
the product of the constituent transverse momenta and
pairwise angular distances. In this analysis, f is considered
to be 1 and 2.

Distributions of these variables are shown in Figs. 2
and 3. Separation is seen between distributions of signal
and background, motivating the choice of these variables
for signal and background discrimination. More particu-
larly, the dijet invariant mass distribution peaks near the
heavy resonance of 1000 GeV for the signal while it is
broad for the background. The resonant signal jets tend to
be very central since they are produced through s-channel
processes. In this case, the |An(JJ)| provides good dis-
crimination power. X yy represents the distance of an event
from the di-Higgs peak in the M(J,) — M(J,) plane. In
Fig. 2, the peaks of invariant mass of the leading jet and
subleading jet are around 124 GeV and 115 for the
signal, respectively. It implies that the signal can be
distinguished in the small Xy region. The decay of
massive objects into two hard QCD partons produces the
two-prong structure, which makes the signal jets result in

low 74, D(Zﬂ) and Cgﬂ).

C. Low-level features

The low-level inputs to the three-stream convolutional
neural networks are full-event images, and images of the
leading and subleading jets [78,79]. The resolution is
40 x 40 pixels for both sets of images and jet images
are in 1R x 1R range [26,72]. The images consist of three
channels, analogous to the red/green/blue (RGB) channels
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FIG. 2. Distributions of the five kinematic variables used in the BDT. In all figures, E;(J;) and M (J;) represent the transverse energy

and invariant mass of the leading jet, respectively.

of a color image. The pixel intensity for the three channels
corresponds to the sum of the charged particle py, the sum
of the neutral particle py, and the number of charged
particles in a given region of the image. There is no py
threshold for the contributions to pixel intensity. The full-
event image covers effectively the entire # — ¢p cylinder

(In] < 5). Moreover, the full-event images are rotated so
that the leading jet is always located at ¢p = /2. Images are
then flipped along the axis defined by 7 =0 to put the
leading jet centroid in the region with positive 5. The jet
images are rotated so that the two subjets are aligned along
the same axis. The leading subjet is at the origin and the
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FIG. 3. Distributions of the five substructures used in the BDT. In all figures, E;(J;) and M(J,) represent the transverse energy and

invariant mass of the leading jet, respectively. Here, we only show substructures of the leading jet. The distributions of substructures of
the subleading jet are similar to those of the leading jet.

subleading subjet is directly below the leading subjet. If = variance. These preprocessing procedures significantly

there is a third-leading subjet, the image will be reflected. = improve the stability of the machine learning training
All images are normalized so that the intensities all sum to [80]. Figure 4 shows the average images in the charged
one. After normalization, the pixel intensities are stand- pr channel. The patterns in the charged p; channel are

ardized so that their distribution has mean zero and unit similar to the other two channels.
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FIG. 4. The average of 10 000 rotated full-event images (top), leading jet images (middle) and subleading jet images (bottom) in the
charged py channel. The coordinates ¢’ and 1’ denote the new axis after the full-event images are rotated and flipped. Q; and Q, denote
the new axes after the jet’s axis is centralized and rotated. The intensity in each pixel is the sum of the charged particle p;. The total
intensity in each image is normalized to unity. The resolution is 40 x 40 pixels for each image.

IV. BASELINE AND CLASSIFIERS

In this study, there are three selection methods. The first
one is a conventional cut-based selection approach, follow-
ing Ref. [33]. We refer to this as the “baseline” method in
the following. The second approach uses a BDT trained on
the high-level features described above. The third approach
is based on three-stream convolutional neural networks,
as inspired by Refs. [26,72], and is the contribution of
this work.

A. The cut-based method

For the cut-based approach, we closely follow the
boosted-channel analysis in Ref. [33]. After preselection,
which has been described in Sec. III A, we further apply
cuts of |Ap(JJ)| < 1.3 and Xpyy < 1.6 to reduce SM
backgrounds. We then require that M;; is in the heavy
resonance mass window: 900 GeV < M;; < 1100 GeV.

Finally, we require the leading and subleading jets to be
the Higgs jets. The cut flow is shown in Table II.

B. The boosted decision tree

The BDT has a fixed number of estimators (2000) with a
maximum depth of 5. The minimum number of samples is
fixed at 25% as required to split an internal node and 5% as
required to be at a leaf node. The deviance of the loss
function is set with the learning rate of 0.005. This BDT
model is trained on fifteen high-level features of the jet
using the scikit-learn library [81]. The cut flow for
this approach is also shown in Table II.

C. The three-stream convolutional
neural networks (3CNN)

The 3CNN in this study is based on Refs. [26,72]. One
stream of the 3CNN is dedicated to global full-event
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TABLE II. Table showing the cut flow and event yield for the signal process pp — H — hh — bbbb and the
backgrounds at /s = 14 TeV with an integrated luminosity £ = 3000 fb~!. The signal is Type II of 2HDMs. The
B-hadron tagging efficiency = 0.77 [33] is applied to calculate the event yield. The preselection is described in the
main text.
Selection Flow Table
pp — H — hh —
bbbb (Type II) 1t Mulitijet Total Backgrounds
Preselection 8.02 x 10! 9.23x 10°  2.76 x 107 2.86 x 107
900 GeV < M;; <1100 GeV 5.29 x 10! 2.77 x 10° 6.92 x 10° 7.20 x 106
2 Higgs jets 4.74 x 10! 1.05 x 10° 2.34 x 10* 2.45 x 10*
Baseline |Ap(JJ)] < 1.3 4.68 x 10! 9.99 x 10> 2.18 x 10* 2.28 x 10*
Xun < 1.6 2.82 x 10! 213x 10" 1.37x 103 1.39 x 103
BDTscore > 0.964 2.56 x 10! 5.33 1.37 x 10? 1.42 x 10?
3CNNscore > 0.99 2.56 x 10! 2.93 x 10! 2.74 x 10! 5.67 x 10!

information. The other two streams are dedicated to process-
ing local information in the leading jet and subleading jet. In
addition, there are two outputs in the last layer, used to help
disentangle the signal and SM backgrounds. The three-
stream architecture is shown schematically in Fig. 5.
Details of the 3CNN are as follows. The convolution
filter is 5 x 5 in three streams, the maximum pooling layers
are 2 x 2, and the stride length is 1. Rectified linear unit
(ReLU) activation functions are used for all intermediate
layers of the neural network (NN). The first convolution
layer in each stream has 32 filters and the second
convolution layer in each stream has 64 filters. There
are 300 neurons for the dense layer at the end of each
stream. The three dense layers from each stream are fully

Full Event Image
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Bi

—
Padding
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Leading Jet Image

o
Qg{ alig n’%.z _>
i

Q1 (3,40,40)

Subleading Jet Image

-

Qz\ aligr;.é.z L
|
id

]
Qi (3,40,40)

FIG. 5.

X2

connected to two output neurons with the softmax activa-
tion function €%/ Y % | ¢%, which is the multidimensional
generalization of the sigmoid. The AdaDelta optimizer [82]
is used to select the network weights. Between the last
dense layer and output layer, dropout [83] regularization is
added to reduce overfitting with the dropoutrate = 0.1.
The categorical cross-entropy loss function is optimized in
the neural network training. For effectively utilizing the full
information of the detector in the ¢ direction, a padding
method is used to take the information in the bottom four
rows of the input images and append them to the top of the
image. The Keras-2.4 .0 library is used to train a 3CNN
model with the TTENSORFLOW-2.4.0-rc3 [84] back-
end, on an NVIDIA RTX A6000 48 GB.

. Flatten
Paddmg

1. Conv2D: Filter 32 (5x5)
2. Conv2D: Filter 64 (5x5)

CI

1. Conv2D: Filter 32 (5x5)
2. Conv2D: Filter 64 (5x5)

N
M - @

1. Conv2D: Filter 32 (5x5)
2. Conv2D: Filter 64 (5x5)

MaxPooling2D (2x2) Dropout(0.1)

- (300) \
o)
Flatten
(300) / @

Dropout(0.1)

MaxPooling2D (2x2)

x2

Flatten

MaxPooling2D (2x2) (300)

Architecture of the 3CNN, based on Refs. [26,72]. The first stream (top) is used to process full-event images. The second

stream (middle) uses the information from the leading jet. The third stream (bottom) uses the information from the subleading jet.
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V. RESULTS AND SENSITIVITY
REACH IN 2HDM

The selection for signal and SM backgrounds are shown
in Table II. Here we set the light Higgs boson mass
my;, = 125 GeV, the heavy CP-even scalar mass My =
1000 GeV, pseudoscalar and charged Higgs mass M, =
My = 1000 GeV, m?, = 400,000 GeV?, tanf = 5, and
cos(ff —a) = 0.01 in Type II for the benchmark point. We
list two major SM backgrounds in this table: #f and multijet.
The multijet background is the most overwhelming before
the selection cuts. The notation preselection in Table II
is the cut flow that has been described in the Sec. III A.
We apply extra B-hadron tagging efficiency = 0.77 [33]
for the Higgs jet, requiring double b-tagging via ghosted-
associated method, to estimate the event yield. Moreover, to
compare the background-discriminating power between the

ype-I|
N
[ Vs = 14 Tev
Z=3000f71 _ X\ Baseline
pp-H-hh-bbbb v/, BDT
95% CL = 3CNN
101 L
—
Q.
=
-
Y

vvvvvvvvv

10!

tan(B)

0.0 05

cos(B - a)

-1.0 -0.5

baseline, BDT, and 3CNN, we choose the BDT score cut
and 3CNN score cut such that the number of signal events
are similar to that in the baseline analysis.

From Table II, we find that the BDT outperforms the
baseline. The number of signal events is around 28 while
the number of background events is around 1390 events in
the baseline analysis. In the BDT analysis, the number of
signal events is around 25 and the number of background
events is 140; the efficiency of the signal is about the same,
while the background rejection power improves by a factor
of 10 over the baseline. Finally, in the 3CNN analysis, the
number of signal events is 25 and the number of back-
ground events is further reduced to 56 events.

Results of these three analyses at /s = 14 TeV with an
integrated luminosity £ = 3000 fb~! are interpreted in the
parameter space (cos(ff —a), tanf) in Fig. 6. We fix

Type-ll
Vs =14 TeV
£ =3000f71 _ S\X Baseline
pp-H-hh—bbbb v/, BDT
95% CL
101 L
Q
C
3
100} = [ )
-1.0 —05 0.0 0.5 1.0
cos(B - a)
Type-IV
Vs =14 TeV
% =3000fb7t _ XN Baseline
pp—-H-hh-bbbb v/, BDT
95% CL
101 L
S
C
3
100} =
-1.0 —05 0.0 0.5 1.0
cos(B - a)

FIG. 6. Allowed regions in all four types of 2HDM for M, = M= = 1000 GeV, m%z = 400,000 GeV? in the (cos(f — ), tan )
plane if no excess is seen above the SM background at the HL-LHC. The blue, green, and red regions are the allowed region
based on the baseline, BDT, and 3CNN analysis, respectively. Allowed region is the area with significance <2, significance is

V/2[(s + b) In(1 + s/b) — 5], where s is the number of signal events and b is the number of background events.
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M, = My = 1000 GeV, and m?, = 400,000 GeV? to
find the allowed region at 95% CL in the (cos(f — a),
tan /%) plane. Note that the colored regions are those with the
significance z = +/2[(s + b)In(1 +s/b) — 5] <2, where
s and b stand for the number of signal and background
events, respectively. It means that if no excess events are
recorded in HL-LHC, the colored regions would be the
remaining allowed regions. We see significant gains using
the 3CNN analysis for all four types of 2HDMs. The 3CNN
analysis has the potential to provide stronger constraints
than the baseline method and BDT.

The 3CNN analysis shows stronger background dis-
crimination power and thus providing better coverage of
parameter space at the HL-LHC. Therefore, we focus on
the 3CNN analysis in the following and combine it with

AN

Type-I|

Vs =14 TeV

% =3000fb7t _

pp—H-hh-bbbb

=== 3CNN (sensitive)
HB (95% CL)
HS (20)

-

10°

tan(p)

100 L

-1.0 —05 0.0 0.5 1.

cosiB -a)
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=== 3CNN (sensitive)
HB (95% CL)

10t HS (20)

tan(p)

100t

-1.0 05 0.0 0.5

cos(B - a)

FIG. 7.

1.0

current constraints on Higgs signal strengths obtained at
the LHC and direct searches at high-energy colliders. The
current constraints are calculated with the public code
HIGGSBOUNDS-v5.10.2 and HIGGSSIGNALS-v2.62. In the
HIGGSBOUNDS-v5.10.2, it includes all processes at LEP,
Tevatron, and LHC and determine which is the most
sensitive channel and whether the point is still allowed
at the 95% CL. In the HIGGSSIGNALS-v2.6.2, it gives the y?
output for 111 Higgs observables [44.,45,85-90]. Since
there are six model parameters, the number of degrees of
freedom is 105. We require the p-value to be larger than
0.05, corresponding to 2o.

In Figs. 7 and 8, we present the sensitivity region (red)
with significance z > 2 that is still allowed under current
constraints and can be covered by the 3CNN at the 14 TeV

Type-ll
Vs =14 TeV

% =3000fb7! _
pp—H-hh-bbbb

=== 3CNN (sensitive)

HB (95% CL) '
HS (20) \

101 L

tan(B)

100 L

0.0
cos(B - a)

~1.0 05 0.5 1.0

Type-IV

Vs =14 TeV

2 =3000fb71

pp—-H-hh-bbbb

=== 3CNN (sensitive)
HB (95% CL)

10} HS (20)

tan(B)

100t

0.0 0.5

cos(B - a)

-1.0 05 1.0

Sensitive regions in all four types of 2HDM for M, = M= = 1000 GeV, m%z = 400,000 GeV? in the (cos(ff — @), tan f3)

plane. The gray area is the currently allowed area by direct searches at colliders from HIGGSBOUNDS at the 95% C.L. The purple area is
due to the constraints from the SM-like Higgs-boson properties from HIGGSSIGNALS at 2¢ level. The red region is the sensitive region

(significance > 2, where significance is \/2[(s + b) In(1 + s/b) — s, and s is the number of signal events and b is the number of
background events) passed the 3CNN analysis, which is still allowed in the current constraints at colliders.
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FIG. 8.
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% HB (95% CL)
@ 6000001 HS (20)
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g
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Type-IV
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Sensitive region in all four types of 2HDM for M4 = M+ = 1000 GeV, tan # = 5 in the (cos( — @), m?,) plane. The gray

area is the current allowed area by direct searches at colliders from HIGGSBOUNDS at the 95% CL. The purple area is due to the
constraints from the SM-like Higgs-boson properties from HIGGSSIGNALS at 2¢ level. The red region is the sensitive region (significance
>2, significance is \/2[(s + b) In(1 + s/b) — 5], where s is the number of signal events and b is the number of background events)
passed the 3CNN analysis, where is still allowed in the current constraints at colliders.

HL-LHC in the (cos(f — a), tan ) plane and (cos(f — a),
m?,) plane, respectively. Note that the gray area is the
currently allowed region by direct searches at colliders
from HIGGSBOUNDS at the 95% CL and the purple area is
the allowed region from the SM-like Higgs-boson proper-
ties given by HIGGSSIGNALS at 20 level. We can regard the
overlapping regions of the gray and purple areas as the
currently allowed parameter space. Note that the over-
lapping regions can be separated into (i) near the alignment
limit and (ii) the wrong-sign Yukawa region. In all 4 types
of 2HDM, we see that the 3CNN can cover a large area of
the overlapping regions.

In the (cos(f—a), tanp) plane of Fig. 7, we fix
My = My = 1000 GeV, and m3, = 400,000 GeV?. In
all 4 types of 2HDM, the red region is the sensitive region
where the significance is larger than 2. We can see those
large areas (red) in the overlapping region of the gray and

purple areas allowed by both HIGGSSIGNALS and
HIGGSBOUNDS can be covered by 3CNN, indicating that
the process pp — H — hh — 4b can test a large chunk of
parameter space at the HL-LHC. We notice that the
sensitive regions lie close to the alignment limit,
cos(ff —a) =0, and in the wrong-sign region in all four
types. Around the alignment limit, HIGGSBOUNDS restricts
tan(f3) to be larger than 1 and the 3CNN analysis shows that
the region with tan(f) < 10 is still sensitive. On the other
hand, around the wrong sign Yukawa region, the most
severe constraint comes from HIGGSSIGNALS. The 3CNN
analysis also indicates that it can cover a quite sizable area
in the wrong sign Yukawa region.

On the other hand, in the (cos(f — a), m?,) plane of Fig. 8,
we fix My = M+ = 1000 GeV and tan # = 5. The 3CNN
analysis indicates the sensitivity in the m?$, interval around
alignment limit and along the wrong sign Yukawa region.
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VI. CONCLUSIONS

In this study, we have employed a modern deep-learning
approach to improve the search for Higgs boson pair
production arising from resonant heavy Higgs enhance-
ment in the bbbb final state in the framework of two-Higgs-
doublet models at the HL-LHC. The resonance production
channel plays an important role in probing the structure of
the EWSB sector. Using our approach, we have pointed out
that the gluon-fusion process pp — H — hh — 4b at the
HL-LHC can further probe the currently allowed parameter
space of Type I-IV 2HDM:s.

The 3CNN architecture in this work is built upon the
proposal from Refs. [26,72]. This architecture has 2-class
outputs for the signal and background, and contains one
stream acting on global event information, and the other
two streams acting on information from the leading and
subleading jets. This approach is amenable to visualizations
that can provide some insights into what the neural network
is using for event classification.

We interpret the signal-background discrimination based
on our simulations at 14 TeV HL-LHC in the two-Higgs-
doublet models’ framework. Figures 7 and 8 illustrate our
scanning in the parameter space of the 2ZHDMs for the
sensitivity coverage at the HL-LHC, as well as the current
restriction on the parameter space due to HIGGSSIGNALS and
HIGGSBOUNDS. We find that the 3CNN analysis covers a
sizeable region of parameter space.

In summary, we employ the 3CNN architecture to
incorporate both local and global information for signal
and background identification. Additionally, we have
studied the conventional cut-based approach and a
boosted decision tree. The conventional cut-based
approach does not give enough significance to the signal
even at HL-LHC. The BDT is effective but less potent
than the neural network. We have shown that the 3CNN
can significantly enhance the significance of the signal
at HL-LHC and allows us to probe sensitive parameter
space in the currently allowed region. This work could
be implemented in other Higgs-pair production chan-
nels with hadronic or semihadronic final states and may
be able to enrich the sensitivity of the signal at the
HL-LHC.
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