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Abstract: Higgs self-coupling is crucial to understand the structure of the scalar potential and the mechanism of

electroweak symmetry breaking. In this study, we utilize a deep neural network based on a particle Transformer

model that relies on an attention mechanism to comprehensively analyze the measured trilinear Higgs self-coupling
through Higgs pair production with subsequent decay into four b-quarks (HH — bbbb) at the LHC. The model pro-

cesses the full event-level information as input and bypasses explicit jet pairing. It also serves as an event classifier.
At HL-LHC, our approach constrains «, to (—0.25, 5.41) at 68% CL, and thus achieved an improvement of ~44% in
precision over conventional cut-based analyses. The results of a comparison against alternative machine learning ar-

chitectures demonstrate the outstanding performance of the Transformer-based model owing to its ability to capture

correlations in high-dimensional collision data with the help of the attention mechanism. These findings highlight the

potential of attention-based networks and end-to-end event classifiers in collider phenomenology.
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I. INTRODUCTION

The standard model (SM) is currently the most suc-
cessful theoretical framework for describing fundamental
particles and their interactions, with the Higgs particle
considered the core of the model. Driven by the Higgs
mechanism, the Higgs field breaks the electroweak sym-
metry spontaneously and explains the acquisition of mass
by fundamental particles. Since the discovery of the 125
GeV Higgs particle by the ATLAS and CMS experi-
ments in 2012 [1, 2], the precise measurements of the
properties of the Higgs particle, including the determina-
tion of its mass, spin, parity, interactions with other
particles, and Higgs self-coupling, are among the most
important tasks in particle physics that provide an essen-
tial test of the SM. Despite the considerable success of
the SM, some phenomena still cannot be explained using
this model, such as the existence of dark matter, nonzero
mass of neutrinos, and matter-antimatter asymmetry.
These phenomena suggest the existence of physics bey-
ond the SM (BSM), and the discovery of the Higgs
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particle has opened a window to explore new physics.
Any deviation between the measured properties of the
Higgs particle and predictions of the SM would be cru-
cial for the exploration of physics beyond the SM.

Currently, the ATLAS and CMS experiments already
include various measurements related to the Higgs
particle. The mass of the Higgs particle has been pre-
cisely measured by both experiments [3, 4]. The width of
the Higgs particle has also been precisely measured us-
ing the off-shell effect [5, 6], which was originally be-
lieved to be impossible in a hadron collider. All major
production modes and decay channels of the Higgs
particle have been evaluated [6, 7], with the overall sig-
nal strength in agreement with SM predictions. The inter-
actions of the Higgs particle with other SM particles can
be examined from these measurements, which is crucial
to test the Higgs mechanism.

Measuring the Higgs self-coupling [8—17] is import-
ant for evaluating the properties of the Higgs boson. The
Higgs self-coupling determines the shape of the Higgs
potential, which is crucial for electroweak symmetry
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breaking [18, 19]. In the SM, the Higgs potential is ex-
pressed as

V=10 0+ AP D), (D

¢+
<I>=( v+H+i¢° ) )
V2

where v= \/—u?/4 represents the vacuum expectation
value (vev) determined from the potential. The potential
for H after electroweak symmetry breaking can be ex-
pressed as

with

1 1
V= EméHz + AHHHVI{3 + Z/lHHHHH4, (3)

my;
2v?
quartic Higgs self-couplings. In the SM, the Higgs self-
couplings are fully determined by the mass and vacuum
expectation value of the Higgs particle, which have been
measured with high precision. Any deviation from the
predictions of the SM would support the validity of new
physics [20-26]. In this study, we use the kappa frame-
work to parameterize the deviation

where Awnn = dupnn = represent the trilinear and

1 1
V= EméHz + K,I/lHHHVH3 + ZK/L4/1HHHHH4, (4)

where «, and k,, represent deviations in trilinear and
quartic Higgs self-couplings, respectively. The effective
field theory (EFT) framework provides another powerful
and model-independent approach to study Higgs self-
couplings [27-31].

Although this study focuses on trilinear coupling, the
quartic Higgs self-coupling is also important. However,
the direct measurement of this coupling is extremely
challenging because of the extremely small cross-section
of triple Higgs production at current or near-future col-
liders such as the LHC or ILC [32]. Future 100 TeV had-
ron colliders [33—-35] or high-energy muon colliders [36]
are considered promising platforms to probe this coup-
ling. Additionally, loop corrections in certain Higgs pair
production processes can offer indirect sensitivity to
quartic coupling, especially those in VBF and VHH chan-
nels [32].

The direct measurement of the trilinear Higgs self-
coupling relies on Higgs pair production [37-49] to
which the gluon-gluon fusion (ggF) process provides the
dominant contribution at the LHC [50-53]. Higgs pair
production from vector boson fusion (VBF) has been in-

vestigated to measure Higgs self-coupling [18, 54]. In ad-
dition to ggF and VBF production of a pair of Higgs bo-
sons, many other processes have been considered to
probe the Higgs self-coupling, which includes the double
Higgs-strahlung process [55], Higgs pairs associated with
two top quarks [18], and Higgs pairs plus jet production
[56, 57]. These processes have smaller cross-sections
than ggF production; however, they can still contribute to
the Higgs self-coupling measurement at future colliders
with higher energy and luminosity. Additionally, the
single Higgs production and its decay can be utilized to
measure the Higgs self-coupling via its contributions at
the loop level [58—65]. Meanwhile, Higgs pair produc-
tion can be significantly altered in extended Higgs sec-
tors where the Higgs pair is produced resonantly [66—72].
Studies on Higgs pair production can help probe the scal-
ar potential in models such as xSM [73-76], 2HDM
[77-82], and MSSM [83]. However, in this study, we fo-
cus on the non-resonant production of Higgs pairs and
leave resonant production for future work.

Both ATLAS and CMS conducted studies on the
Higgs pair production process. In the ATLAS analysis,
decay channels HH — bbbb [84], HH — bbr*t~ [85], and
HH — bbyy [86] were examined. The results indicate that
k, 1s constrained to the range (0.6, 6.6) after combining
all these channels [87]. In the CMS analysis, decay chan-
nels HH — bbZZ* [88], HH — Multilepton, HH — bbyy
[89], HH — bbr*t~ [90], and HH — bbbb [91] were ana-
lyzed. The combined results show that the «; value is
constrained to (—1.24, 6.49) [7]. Future colliders are ex-
pected to significantly improve the measurement preci-
sion with higher center-of-mass energy and integrated lu-
minosity. The HL-LHC [92-95] is expected to achieve
the precise measurement of the Higgs self-coupling
Ky = 1.0*045, and the HE-LHC [96] and FCC-hh [97-100]
are projected to achieve a precision of 5% on the Higgs
self-coupling measurements. Future lepton colliders will
probe the Higgs self-coupling with approximately 20%
precision from FCC-ee [101, 102] and ILC [103, 104] as
well as the multi-TeV muon collider [105-108].

The Higgs boson predominantly decays into bb with a
branching ratio of approximately 58% in the SM. Among
all possible decay channels, the 45 final state constitutes
the largest fraction (approximately 33.6%) for a Higgs
pair system [109], which makes it a promising channel
for investigation. However, current constraints on the
Higgs self-coupling are relatively broad from the 4b
channel «; € (-3.3,11.4) [87], which is weak compared to
that of other channels and is mainly limited by the com-
plex background at the LHC. Improving the discriminat-
ing power between signal and background in the 45 chan-
nel will therefore significantly enhance sensitivity. Many
studies have focused on improving the sensitivity in this
channel [110-116]. In this study, we explore the possibil-
ity of using machine learning techniques to overcome the
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challenge in the 45 channel of Higgs pair searches at the
LHC.

The amount of data generated at colliders is enorm-
ous, and machine learning (ML) is well-suited to process
such large-scale datasets [117—119]. Various ML tech-
niques have been applied in particle physics [120, 121],
such as jet-tagging [122—-125], CNN models based on im-
age data [126-129], GNNs based on graph data
[130-132], ParticleNet and energy flow networks based
on particle clouds [133-136], current state-of-the-art
(SOTA) Transformer-based models, and particle Trans-
former (ParT) [137-141]. Similarly, ML techniques have
been used to measure Higgs self-coupling [115, 116,
142-144]. Additionally, several studies investigated the
performance of different machine learning algorithms for
measuring Higgs self-coupling [145-147].

For the HH — bbbb channel, different ML architec-
tures have been applied. For example, Ref. [115] em-
ployed a DNN architecture, which indicated that with
£=3000fb"" at HL-LHC, the Higgs self-coupling can be
constrained within the range «, € (-0.8, 6.6) at 68% CL.
A more recent work [116] utilizing a Transformer model
achieved a constraint of «, € (-1.56, 7.57) at 95% CL
with £=300fb™" at the LHC. Another transformer-based
model has also been used in a study on resonant Higgs
pair production with 4b final states [148]. Considering
the excellent performance of ParT in jet tagging tasks
[137], a modified version of ParT including the entire
event information as input for event classification was
used in this work to improve the sensitivity to the Higgs
self-coupling through the HH — bbbb channel. However,
we must emphasize that the analysis in this study demon-
strates the effectiveness not only of the transformer struc-
ture on event selection but also the end-to-end analysis
utilizing event-level information.

The remainder of this paper is organized as follows.
In Sec. II, we briefly describe all processes considered in
this work. In Sec. III, after the introduction of the struc-
ture of ParT, we discuss the modifications introduced in
this study and the details of the training process. The per-
formance of the modified model in event classification is
also presented. In Sec. IV, we present the results on the
Higgs self-coupling measurement with a comparison

among different methods. The interpretability of the mod-
el is discussed at the end of this section. Finally, we sum-
marize our findings in Sec.V.

II. EVENT GENERATION

For the Higgs self-coupling measurement, we focus
on the non-resonant gluon-gluon fusion (ggF) production
of Higgs pairs [149—151], with both Higgs particles de-
caying into b-quark pair. At leading order (LO), this pro-
cess includes contributions from triangle and box dia-
grams as well as the interference between them. The rep-
resentative Feynman diagrams are shown in Fig. 1. The
triangle diagrams depend on both the trilinear Higgs self-
coupling and Yukawa couplings, and the box diagrams
depend only on the Yukawa couplings of the fermion in
the loop. In our simulations, we include contributions
from third generation quarks but with fixed Yukawa
coupling at the corresponding SM value. Meanwhile, the
trilinear Higgs self-coupling is allowed to differ from the
value obtained from the SM. The total Higgs pair produc-
tion cross-section at a given energy will be a quadratic
function of «; and is given at both +/s=13TeV and
V5= 14TeV.

4.15%1073 k% —2.02x 1072k, +3.05%x 10~ pb

=13TeV,
o0 (k) = Vs=13Te
4.89x1073 Kﬁ -2.39%x1072 Ky+3.62% 1072 pb
V5= 14 TeV,
(5)

where the first term depending on «3 in each line repres-

ents the contributions of the pure triangle diagrams, the
last term without any dependence on «; comes from the
box diagrams, and the middle term with linear depend-
ence on «, comes from interference effects between the
triangle and box diagrams. The cross-section is further
normalized according to the higher order k-factor given in
[115], which is approximately 2.4 for x, = 1 and varies by
35% for «, € [-5,12], ranging from k ~2.28 at k; =2 to
k=~3.12 at k; =5. The Higgs pair production cross-sec-
tions for different values of «, at different energies are

“A

Fig. 1. Leading-order Feynman diagrams of di-Higgs production in the SM.
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Fig. 2. (color online) Higgs pair production cross-section as
a function of «,; at the LHC (+/s=13TeV and 14 TeV) assum-
ing all other couplings are fixed, with a higher order correc-
tion k-factor.

shown in Fig. 2.

For the backgrounds, we focus on the processes con-
taining multiple h-quarks and/or multi-jets. In our analys-
is, the main backgrounds are the QCD production of four
b quarks (4b) as well as two b quarks with two light
quarks (2b62j). In addition to these two major back-
grounds, we consider the production of b-quarks from the
decay of the Z boson, Higgs, and top quark. In Table 1,
we list all signal (given with «, = 1) and background pro-
cesses considered in this analysis together with their
cross-sections at LO at both +/s=13TeV and +/s=14
TeV. For the signal, as well as 7, 4b, and 2b2; back-
ground processes, NLO k-factors are listed [115,
152-155].

Table 1.  All processes considered in this study, with the LO
cross-section at /s =13TeV and +/s = 14 TeV. The k-factor ac-
counts for the NLO correction for major backgrounds 4b,
2b2j, and # processes, and higher order corrections for the
signal HH at k) = 1.

o0 /fb
Process k-factor
Vs =13 TeV Vs =14 TeV

HH 1.446x 10! 1.723x 10! 24
bbbb 2.465 % 10° 2.840% 10° 1.6
bbjj 5.673x 108 6.470 x 108 1.3

1 5.058x10° 5.968x10° L5
ttbb 3.614x 103 4472103 -
ttH 3.997 x 102 4.794 % 102 -
bbH 4746 % 10" 5.496 % 10! -
V44 9.317x 103 1.026x 10* -
ZH 5.799 x 102 6.422 % 102 -

The events for the signal process with possible differ-
ent values of «, and for background processes are simu-
lated by MadGraph [156] with both +/s=13TeV and
Vs =14 TeV. To increase the efficiency of the simula-
tion, we use moderate parton-level basic cuts: pZ’ > 20
GeV, |p*’| < 4. Pythia [157] is used for hadronization
and showering, followed by the detector simulation by
Delphes [158]. FastJet [159] is linked to reconstruct
jets from the particle-flow output from Delphes using an
anti-k, algorithm [160] with two different values of AR:
0.5 for a slim jet originating from quarks/gluons and 1.0
for a fat jet originating from heavier objects such as
Higgs, W/Z boson, and top quarks.

III. TRANSFORMER FOR EVENTS

Instead of working on individual objects (such as jets,
charged leptons, and photons) within an event, we invest-
igate the possibility of working directly on the entire
event. The particle Transformer (ParT) [137] is a SOTA
object tagging ML algorithm trained on a 10-label-classi-
fication task. By implementing ParT, we could, in prin-
ciple, tag the Higgs, top, and W/Z bosons as a fat jet in
the events and combine them to extract the event of the
signal (Higgs pair) from other background processes
(containing top quark and W/Z boson). Although the indi-
vidual object reconstruction efficiency is sufficient, rely-
ing on reconstructed individual heavy objects inside one
event may suffer from the combinatorial problem. This
can considerably reduce sensitivity, especially for the
HH — bbbb case in which the four b-jets in the final
states are indistinguishable and six combinations of these
b-jets form one Higgs pair candidate. Hence, we explore
the possibility of training a model on the information of
the entire event, which can be treated as a single ex-
tremely fat jet. Consequently, the ParT framework can
still be used with minor modification in the event classi-
fication task. In the following sections, we first introduce
the main features of ParT. Then, the training details of
our setup are presented. Further, the performance on the
event classification task is discussed. To avoid confusion
with the original ParT model, we refer to the ParT work-
ing on the entire event as an event Transformer (EvenT).
However, we emphasize that the analysis presented in
this study can be performed based on any type of al-
gorithm in addition to the Transformer. The focus here is
the possibility of an end-to-end event level analysis.

A. Basics of particle Transformer

ParT [137] is a classification model based on the
Transformer architecture [161], which is a deep learning
model originally designed for natural language pro-
cessing (NLP) tasks. The core of the Transformer is the
self-attention mechanism, which establishes relationships
among all elements in the input sequence rather than be-
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ing limited to local information like convolutional neural
networks (CNNs). The Transformer can capture global
information by computing the attention weight matrix.
Transformer models have demonstrated powerful per-
formance across multiple domains thanks to the advant-
ages of this mechanism.

The structure of ParT is shown in Fig. 3. The model
receives two sets of inputs: particles, which include the
features (e.g., kinematics, PID, and trajectory displac-
ment) of each single object (e.g., tracks and charged
leptons), and interactions, which indicate the relation-
ships between two objects. In ParT, four such relation-
ships of interest exist.

AR = \/(ri=y)? + (&= )%, (6)
kr,i; = min(pr;, pr ))AR;j, (7
m} = (pi+ p))°. ©)

where y,¢ represent the rapidity and azimuthal angle of
the individual object, respectively. Further, pr represents
the corresponding magnitude of the transverse mo-
mentum. Then, the inputs are passed through intermedi-
ate layers consisting of particle attention blocks and class
attention blocks. Compared to the traditional Trans-

H; = A;V;, (11)
O.K] )
A; = softmax < L+ U; ), 12
Vi, (12)
Qi =XWP+b2, (13)
K; = XWX +b¥, (14)
Vi=XW'+b), (15)

where X includes particles features and U contains fea-
tures of the interactions between objects. W/ and b/ are
trainable parameters. Including the interactions U in the
attention calculation enables the model to better capture
relationships between particles and enhance the express-
iveness of the attention mechanism. A; represents the at-
tention weight matrix, where each element represents the
attention score of each pair of input particles.

The class attention block shares a similar architecture
with the particle attention block; however, it differs in
two aspects in that it uses the standard MHA mechanism
instead of the particle-specific variant and that the MHA
takes a global class token as input along with particle em-
beddings. The query, key, and value matrices are com-
puted as

former, ParT introduces, in the particle attention block, a Q = WoXaiuss + by, (16)
new attention mechanism referred to as particle multi-
head attention (P-MHA) in which the interactions are in-
: (P-MHA) in wh K=WZ+b,. (17)
cluded in the attention calculation.
P-MHA(X) = concat(H,,...,H,)W?, (10) V=W,Z+b,, (18)
Class token
L Blocks
|
. L
2 Cl Cl
© Particle Particle Particle | X" ass ass a &
particles— E —| Attention |—>| Attention |----=-> | Attention |—— Até?géfn Até?g;:fn s % —
£l x° Block x1 Block xL-1 Block %)

interactions—

[ Embedding ]

Fig. 3.

(color online) ParT model architecture.
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where Z = [X.1.s5, Xpap] represents the concatenation of the
class token and particle embedding output from the last
particle attention block. The output of the class attention
block is passed to a Softmax layer that produces the prob-
abilities over classes.

B. Training details

In our setup, the EvenT model receives information
from the entire event as input features. To further facilit-
ate establishing connections among objects within an
event, information from jets reconstructed using two dif-
ferent AR=0.5 and 1.0 is also provided as discussed in
the last section. Hence, the input for EvenT includes
particle features of all objects within a given event, in-
cluding tracks, energy deposits, charged leptons, jets, and
the event itself, which extends the dimension of the input
substantially. The orientation of a single event is not im-
portant. Further, interaction features are extended to in-
clude affiliation relations between different objects in ad-
ditional original kinematic relations. To avoid the time-is-
sue when loading all inputs, interaction features are now
calculated in advance. The EvenT model is trained from
scratch on a dataset with the nine classes listed in Table
1, which contains 3 million samples per class. After each
training epoch, the model is validated on a separate valid-
ation set containing 3 million samples per class and its fi-
nal performance is evaluated on an independent test set
with an equivalent sample size per class. The model is
trained with a batch size of 128 and initial learning rate of
0.001. The learning rate remains constant during the first
70% of training epochs, after which it decays exponen-
tially, reaching 1% of its initial value by the end of train-
ing. The number of training epochs is set to 50, and the
number of heads in the MHA mechanism is 8.

All processes during training can be treated equally.
However, for our purpose, we focused on the Higgs pair
process as much as possible from the other processes,
among which the 2b2; process has the largest cross-sec-
tion. To avoid large contamination from the 252 process,
we adopt a weighted cross-entropy loss function in which
the process 252 is assigned with a weight of 70, unlike
ParT used for a general purpose jet-tagging task. All oth-
er processes are assigned with a weight of 1. After apply-
ing the weighted cross-entropy loss, the probability of
miss-classifying 2b2j events as HH events is reduced
from 5.17x 1073 to 5.26 x 107> (two orders of magnitude),
drastically improving the analysis of the Higgs pair pro-
cess. The measurement uncertainty of the Higgs pair pro-
duction cross-section can be reduced from approximately
400% to 200% by such improvement.

Further, as our target is the measurement of «,, the
model is required to work properly on all values of «,; to
obtain the optimal result. As a comparison, Fig. 4 shows
the results of HH efficiency from training on the dataset
with only x;, =1 (blue line) and training on that contain-

T T T T T T T
bS] o _
50F 1

< 45F 1

%:
£ 1
)
&
< 351 _
jan}

jam)
30F .
25} - - i

—— Trained with k), =1
—— Trained with s € [-1,1,4,6,8|
20k I i i L i —
5.0 =25 0.0 2.5 5.0 7.5 10.0
K\
Fig. 4. (color online) HH efficiency under different «; val-

ues for training containing only «, =1 HH data (blue line) and
training containing «, = -1,1,4,6,8 HH data (red line).

ing «; ={-1,1,4,6,8} (red line). Evidently, for the train-
ing using data with only «,=1, the HH efficiency
drastically decreases for other values of «,. The variance
of the efficiency can be as large as 40% (from 58% at
k=2 to 18% at k, = 3). Meanwhile, when the data with
other values of «, are included, the HH efficiency is al-
most stable at approximately 50%. Such performance is
therefore suitable for the further analysis of the measure-
ment precision about «;.

C. Performance of event classification

We further demonstrate the classification perform-
ance of the model. EvenT is now essentially a multiclass
classification model with nine event categories. For mul-
ticlass models, the performance can be evaluated using
the confusion matrix, ROC curves, and AUC scores.

A confusion matrix is structured as an N x N matrix,
where N represents the number of target classes with
rows representing true labels and columns indicating pre-
dicted labels to quantify the performance of the classific-
ation model. The confusion matrix can be presented as

Cu Cn - Cw

) ) Cy Cpn -+ Cu
Confusion Matrix = ) . i . (19

Cvi Cv2 -+ Cwy

Specifically,

e (C; represents the probability that an event with a
true class i is correctly predicted as class i.

e (C;; (for i+ j) represents the probability that an

033105-6



Deep learning to improve the sensitivity of Higgs pair searches in the 4b channel at the LHC

Chin. Phys. C 50, 033105 (2026)

event with true class i is incorrectly predicted as class ;.

The confusion matrix of EvenT on the testing set, where
the HH class only includes events with «; = 1, is visual-
ized in the left panel of Fig. 5, where the color intensity
indicates corresponding probabilities.

Several comments can be made regarding the confu-
sion matrix in order. First, the 2b2j column shows that
every class has a relatively high efficiency tagging as
2b2j because we enhance the weight of 252 events dur-
ing the training, as discussed above. As may be observed
from the diagonal elements, excluding the 262 class, all
remaining classes have a good self-tagging efficiency.
Additionally, processes similar to each other form a diag-
onal block in the tagging efficiency, such as (¢tbb, ttH)
and (ZZ,ZH). For our purpose of measuring the Higgs
pair production process, the first column of the confusion
matrix indicates that all other processes have been heav-
ily suppressed while maintaining sufficient efficiency for
the HH process.

The receiver operating characteristic (ROC) curve
and the area under the curve (AUC) are commonly used
measures of the performance of binary classification
tasks, and they can also be extended to multiclass classi-
fication problems. In a binary classification setting with
only positive and negative classes, the ROC curve is gen-
erated from the true positive rate (TPR) and false posit-
ive rate (FPR) at various classification thresholds. The
AUC is the area under the ROC curve, and it is used to
quantify the overall classification performance.

For multiclass classification tasks, the one-vs-rest
(OVR) strategy can be used to simplify the problem into a
series of binary classification tasks, allowing the compu-
tation of ROC curves and AUC scores. For each class, it
is considered as the positive class while all other classes

% SR:SH0NE 2.9e-03 2.9e-03 8.0e-03 3.0e-03 1.5e-02 2.4e-01 1.6e-02 1.1e-01

1 {1.2e-022.9e-01 1.0e-01 1.7e-02 9.8e-05 1.0e-03 ~0182.0e-037.4e-03
% 7.0e-02 B.le-DZLBe-Ol 3.9e-055.3e-04 1.3e-01 1.5e-03 8.8e-03
% 1.2e-02 5.2e-033.5e-01 3.8e-01 7.0e-05 1.7e-03 2.0e-01 8.7e-04 3.0e-03
é % 1.4e-011.9e-034.7e-03 4.9e-037.5e-02 2.0e-01 3.2e-023.6e-02|
‘g 3.0e-024.4e-04 1.3e-032.9e-034.7e-02 3.1e-01 5/=R0kl 1.7e-02 1.8e-02
§ 2.0e-037.6e-043.3e-049.7e-04 1.2e-032.7e-02ENLHUIN 1. 1e-03 1.6e-03
H 5.0e-02 2.4e-03 1.4e-03 6.2e-04 1.6e-01 2.9e-02 1.9e-017.8e-02
E 1.7e-015.1e-033.0e-035.8e-04 1.1e-01 1.2e-024.1e-01 1.2e-01 1.7e-01

HH tt ttH ttbb  bbH 4b 2b2j ZZ ZH
Predicted

Fig. 5.

are treated as the negative class. The right panel of Fig. 5
shows the ROC curves and corresponding AUC values
for each class. For most of the classes, the AUC is ap-
proximately 0.9, which indicates a relatively good per-
formance of EvenT. Further, the AUC for distinguishing
the HH process from other processes is approximately
0.9, which provides a solid foundation for the analysis of
the Higgs self-coupling via Higgs pair production in the
next section. Meanwhile, the information contained in the
confusion matrix as well as the OvR ROC curves can be
used not only in the HH analysis but also in other relev-
ant analyses. In this study, we use HH as a benchmark
study to demonstrate the effectiveness of the end-to-end
analysis based on event-level information, especially
when involving pairing or other event topology analysis
that will reduce selection efficiency.

IV. HIGGS SELF-COUPLING MEASUREMENT

A. EvenT-based analysis

Based on the EvenT discussed earlier, we consider the
measurement of «, through the HH — 4b channel in this
section. The corresponding y?, which indicates the devi-
ation from the SM case, is constructed according to

(S (Tuu, k) — SSM)2

S'sm

X (T, = , (20)

i=2

9
S(ouu k) =Lx (CII(KA)O-HH+ZCiIO—i> ) (21

1.0
0.8
0.6
x
o
=
—— HH (AUC = 0.90)
0.4 y tt (AUC = 0.90)
e — ttH (AUC = 0.94)
- —— ttbb (AUC = 0.93)
—— bbH (AUC = 0.78)
0.2 . —— 4b(AUC = 0.78)
4 2b2j (AUC = 0.94)
— Zzz(AUC = 0.87)
/ ZH (AUC = 0.86)
0.0.%
%.0 0.2 0.4 0.6 0.8 1.0

FPR

(color online) Left: Confusion matrix of EvenT on a nine-class classification task. Right: OvR ROC curves for each class of

EvenT and corresponding AUC. All results were obtained with the weighted cross-entropy loss.
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Ssm = S(O-HH|K4:1’K/1 =1), (22)

where i =1,---,9 corresponds to all processes considered
in the confusion matrix shown in the left panel of Fig. 5,
including HH, #t, ttH, ttbb, Hbb, 4b, 2b2j, ZZ, and ZH.
C;; represents elements in the confusion matrix. For the
HH process, the dependence of Cy; on «; isalso in-
cluded, as shown in Fig. 4. o represents the cross-sec-
tion of each process listed in Table 1. Notably, oyy is a
free parameter in the y? calculation. In our analysis, we
consider the LHC experiment with +/s =14 TeV and in-
tegrated luminosities of £ =300/3000 fb~'. Based on the
above mentioned setup for a fixed value of «,, y? de-
pends only on the corresponding Higgs pair production
cross-section oyy. Then, the upper limit on the cross-sec-
tion opy can be obtained for a given «; by solving
X2 (opu,k) = 1(3.84) for a 68% (95%) confidence level
(CL).

However, as discussed earlier, the performance of
EvenT depends on the classification threshold. The effect
of the threshold on the Higgs pair production measure-
ment is shown in Fig. 6. It may be observed that the sig-
nal efficiency decreases smoothly with an increase in the
threshold for both «, =1 (solid green line) and «; =5
(dashed green line), whereas the misclassification rate of
the dominant background 252 (solid orange line) drops
more sharply. Hence, the relative error of measuring the
Higgs pair production cross-section decreases with high-
er threshold, as shown by the blue curves in Fig. 6.
However, we must emphasize that when the threshold is
close to 1, the events passing the threshold decrease
drastically. Hence, the corresponding analysis suffers
from large uncertainties. In our analysis, we use three

benchmark thresholds py, = 0.5, 0.7, and 0.9 (indicated by
the vertical purple dashed lines in Fig. 6) together with
pm = 0.0, where we rely entirely on the raw output of the
EvenT for the classification.

The upper limits on the Higgs pair production cross-
section as a function of «, obtained from EvenT with dif-
ferent classification thresholds are shown in Fig. 7. The
upper limits closely follow the HH efficiency shown in
Fig. 4. The theoretical prediction of the Higgs pair pro-
duction cross-section is also shown in Fig. 7. We com-
pare the EvenT-derived upper limits with the theoretical
prediction to extract the constraints on the Higgs self-
coupling «;. At the HL-LHC, with +/s=14TeV and
£=3000fb"", the constraint at 68% CL is given as
ky € [-0.25,5.41] for py, =0.9. The constraints are slightly
weaker for other choices of the threshold, as indicated in
Fig. 7.

B. Cut-based analysis

For comparison, we followed the cut-based analysis
presented in [84] to single out HH — bbbb events. In this
analysis, events first need to pass several general selec-
tions including a requirement of at least 4 b-tagged (with
tagging efficiency of approximately 77%) jets with
pr>40GeV and |y <2.5. The four b-jets with the
highest pr are used to reconstruct the Higgs pair system.
Among the three possible pairings of these four b-jets, the
one in which the higher pr jet pair has the smallest AR is
used for further analysis. To further suppress the back-
ground, |Anyyl< 1.5 is also imposed for the two recon-
structed Higgs.

Events are further required to satisfy additional selec-
tion criteria designed to reduce the background and im-
prove the analysis sensitivity. A top veto cut is required

60 n

[&
I

%)

@Y
o

Signal Efficiency

o)

300p=T T
250F
5 200
/M 150F
I
=
<
) =
& 100F /5 = 14TV, £ = 30000
—— k) = 1, Relative Error
_ -=x== g =5, Relative Error
o0 —=— k) = 1, Signal Efficiency
***** k) = 5, Signal Efficiency
2b2j Mistagging Rate
)] === L
0.0 0.2

Threshold
(color online) Signal efficiency (green lines) and relative error of the Higgs pair production cross-section measurement (blue
lines) for «; =1 (solid lines) and «,; =5 (dashed lines) at different thresholds. The misclassification rate of the dominant background
2b2j is shown in orange.

Fig. 6.
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0.40 T T T T
V5 =14TeV, £ =3000h ", 68% CL
0.35F pu = 0.0, Ky € (=1.00,5.78) i
—— pm = 0.5, Ky € (—0.73,5.59)
P = 0.7, k5 € (—0.45,5.41)
0.30 i e e 4
— pum = 0.9, k) € (=0.25,5.41)
o — o(g9g — HH)

Fig. 7.
tion cross-section as a function of «, for different classifica-
tion thresholds pg, (four colored lines) with +/s=14TeV and
£=3000fb! at the LHC. The Higgs pair production cross-
section as a function of «, is shown as a black line.

(color online) Upper limit on the Higgs pair produc-

to suppress the #f background. The top veto discriminant
X, 1s defined as

2 2
. m;;—my miip, — Ny
Xy, = (/Ji) + (//7) , 23
W n}thn \/ O.lm_,»j O.Imjjb ( )

where my =80.4 GeV and m, = 172.5 GeV represent the
nominal W boson and top quark mass, respectively. m;
represents the invariant mass of the two jets assumed to
come from the W boson decay. Together with one of the
leading b-jets, m;; represents the invariant mass of the
reconstructed top. Then, Xy, is obtained by minimizing
over all combinations of two normal jets and one b-jet.
During the minimization, 10% uncertainties are used to
approximate the invariant mass resolution. Then, events
with Xy, < 1.5 are excluded from the analysis.

A discriminant Xy is defined to further test the com-
patibility of events with the HH — bbbb.

—124 2 —117GeV >
XHH=\/(’"”‘ GeV) +<mH2 7Ge ) o

0.11"’!].1I 0.1]’}11.12

where my, and my, are the masses of the leading and sub-
leading reconstructed Higgs boson candidates, respect-
ively. The reference masses 124 GeV and 117 GeV are
obtained from the my, and my, distribution from the sim-
ulation, respectively [84]. Notably, when -calculating
Xuu, 10% uncertainties are also used for the reconstruc-
ted invariant masses. Events with Xyy < 1.6 are con-
sidered HH — bbbb signal. All the aforementioned selec-
tions are used on our events, including signal events with

different «,, as well as all backgrounds including the
most important QCD backgrounds 45 and 2b2j, along
with #, ttbb, ttH, bbH, ZZ, and ZH, as listed in Table 1.
The results are shown in Fig. 8 and will be discussed in
the following section.

C. Performance

To demonstrate the performance of EvenT, we com-
pare the results obtained from the EvenT-based analysis
with those from a cut-based analysis using kinematic
variables discussed earlier, as well as with two ML-based
studies: one using DNN [115] and the other using SPA-
NET [116]. The comparison is shown in Fig. 8.

A previous study [115] employed a DNN-based mod-
el to single out Higgs pair signals and included compre-
hensive background studies. The model contains two
fully connected hidden layers with 250 hidden nodes with
the ReLU activation function. To prevent overfitting, a
Dropout layer is added between the two hidden layers,
which randomly drops 30% of the nodes during training.
The results are given at 68% CL with an integrated lu-
minosity of 3000 fb™' at the HL-LHC. The comparison is
shown in the left group of Fig. 8. When «; >0, even
when we do not deal with the threshold to enhance sensit-
ivity, the constraint from EvenT is stronger than that from
the DNN method. For the negative side, as we only in-
clude one negative value in training «, = —1, without im-
posing the threshold, constraint from EvenT is slightly
weaker than that from the DNN method. However, when
we include a moderate threshold to enhance sensitivity,
the result becomes better than that of the DNN.

SPA-NET is an attention-based model [162—164] that
employs a stack of transformer encoders to embed input
features. These embeddings are then used for jet assign-
ment and event classification via a symmetric tensor at-
tention module, which preserves the permutation sym-
metry inherent to the input data. SPA-NET was used in
the HH — bbbb analysis in [116], where the architecture
was used both in pairing the b-jets into two Higgs as well
as in signal-background discrimination. However, the
analysis in [116] considered only the 4b background.
Hence, the comparison is made by including only 4b
background in EvenT analysis. The results are shown in
the middle group of Fig. 8, which are given at 95% CL
with 300 fb™' luminosity at the LHC. Evidently, with only
the 4b background, the results from EvenT are better than
those from SPA-NET from both sides, even without im-
posing any threshold. Both SPA-NET and EvenT are
based on the Transformer framework. Therefore, the res-
ults demonstrate the effectiveness of the event-level ana-
lysis.

The comparison with the cut-based analysis dis-
cussed earlier is also presented in the right group of Fig.
8. Notably, the cut-based and EvenT-based analyses are
performed on the same set of testing data. The con-
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Fig. 8. (color online) Comparison of constraints on «, with three benchmark studies.

straints on «, are given at 68% CL with 3000 fb™' at 14
TeV. Evidently, the EvenT result is already better than
that from the cut-based analysis without imposing any
threshold to enhance sensitivity. With a stronger
threshold in the classification, the result from EvenT be-
comes considerably stronger than that from the general
cut-based analysis, which clearly demonstrates the ad-
vantage of the ML models in the analysis.

D. Interpretability of the Model

Before we conclude, we discuss the interpretability of
the EvenT model to understand the internal connections
of the model. As mentioned previously, the outstanding
performance of Transformer-based models is attributed to
the attention mechanism. Hence, we focus on the visual-
ization of the attention mechanism of the EvenT model
following the method in [165] using the attention matrix
in Eq. (12), especially in our case where the inputs con-
tain the information from the entire event instead of fully
reconstructed objects. We visualized attention scores
from the first attention head of the last particle attention
block. The results are shown in Fig. 9, which presents the
attention score (element of the attention matrix) of the
HH (upper panels) and 252 (lower panels) processes. As
a comparison, we present the attention matrix after (left
panels) and before (right panels) training together. Atten-
tion scores lower than 0.01 are ignored in the interest of
clarity. The attention score is more concentrated for both
the HH and 2b2j processes with training, which strongly
indicates that the model does learn the important relation-
ship between particles. Further, the model focuses on dif-
ferent parts of the particle space for different processes,
which is key to distinguish between different processes.

To incorporate the spatial position of particles,
particle types, and jets to which they belong during visu-

alization, we visualize the particle attention graph, focus-
ing on the final layer of the P-MHA module. Each
particle is represented as a point in the n-¢ plane, as
shown in Figs. 10 and 11 for the HH and 2b2j processes,
respectively. Different marker shapes are used to distin-
guish particle types: x for mesons, A for charged had-
rons, v for neutral hadrons, e for photons, and + for elec-
trons. Particles within the same jet, which is reconstruc-
ted using the anti-k, algorithm, are shown in the same
color, and particles outside any jet are shown in gray.
This color information is used only for visualization. The
opacity of each point is proportional to the transverse mo-
mentum py of the corresponding particle. The color of
the connecting lines represents the attention score
between particles. Solid lines indicate connections
between particles inside jets, and dashed lines indicate
connections involving out-of-jet particles. To make the
plot clear without excessive low-weight connections, we
only include connections with a weight higher than 0.5.

In the upper panels of both Figs. 10 and 11, the con-
nections in the entire #-¢ plane are shown after (upper
left) and before (upper right) the training for the HH and
2b2j processes, respectively. Similar to Fig. 9, connec-
tions among particles become stronger after training for
both the HH and 252 processes. To be more clear about
connections established during training, for each process,
we provide the corresponding zoomed-in views of the at-
tention graph in the lower panels of Figs. 10 and 11.
Evidently, the training strengthens the connections with-
in jets from the information about the entire event. By
comparing these visualized attention graphs, we con-
clude that the trained model can focus on the important
particle pairs in an event and learning relationships with-
in and between jets by training on the event-level instead
of reconstructed objects. This capability underpins the
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(color online) Attention score (elements in attention matrix) for HH (upper panels) and 2562, (lower panels) processes after

(left panels) and before (right panels) training. Notably, we removed attention scores below 0.01 to make the plot clearer.
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within a single jet.

outstanding performance of the model and the possibility
of end-to-end event classification by event-level training.
However, in depth studies of what specific feature and re-
lations have been learned during the training are also very
important to fully understand the underlying mechanism
of the algorithm. We leave this challenging task as a key
topic of interest for future research.

V. CONCLUSIONS

In this study, we employed a deep neural network ar-
chitecture based on ParT to enhance the sensitivity of the
Higgs self-coupling measurement through HH — bbbb at
the LHC, which suffers from complex QCD backgrounds.
With the help of the attention mechanism, the model can
focus on important relationships among input features,
thereby enabling robust event classification when trained
on full event-level information. The performance of this
classifier was evaluated across nine event categories, and
it achieved an AUC ~ 0.9 for most categories, signific-
antly distinguishing one process from the rest. In the cur-
rent study, we focused on HH — bbbb analysis. However,
it can be applied to other analyses with very minor modi-
fications.

This study demonstrates the possibility of using the
ParT model beyond the jet-tagging task. By treating the
entire event as a single fat jet, the model achieves high
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(color online) Attention graphs for 2b2; processes before and after model training. The lower panels show the connections

classification accuracy while circumventing the error-
prone explicit jet-pairing process inherent in traditional
event reconstruction. Such an approach streamlines the
analysis by directly utilizing the full event information
and demonstrates the potential of such end-to-end analys-
is in stuides on collider phenomenology.

Applying the model to research on HH — bbbb at the
HL-LHC, the model constrains the Higgs self-coupling «,
to (=0.25,5.41) at 68% CL, which represents an improve-
ment of approximately 44% in precision compared with
the traditional cut-based approach. The results of the
comparison against other ML methods further highlight
the advantages of the Transformer-based architecture and
event-level analysis, particularly in capturing correla-
tions within high-dimensional event data. Further, the at-
tention mechanism naturally supports the interpretability
of the model, which can also help to identify the most im-
portant features and correlations in attempting to separ-
ate different processes.
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