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Abstract

We propose one-to-one correspondence reconstruction for electron-positron Higgs
factories. For each visible particle, one-to-one correspondence aims to associate
relevant detector hits with only one reconstructed particle and accurately identify
its species. To achieve this goal, we develop a novel detector concept featuring 5-
dimensional calorimetry that provides spatial, energy, and time measurements for
each hit, and a reconstruction framework that combines state-of-the-art particle
flow and artificial intelligence algorithms. In the benchmark process of Higgs to di-
jets, over 90% of visible energy can be successfully mapped into well-reconstructed
particles that not only maintain a one-to-one correspondence relationship but
also associate with the correct combination of cluster and track, improving the
invariant mass resolution of hadronically decayed Higgs bosons by 25%. Perform-
ing simultaneous identification on these well-reconstructed particles, we observe
efficiencies of 97% to nearly 100% for charged particles (e±, µ±, π±, K±, p/p̄)
and photons (γ), and 75% to 80% for neutral hadrons (K0

L, n, n̄). For physics
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measurements of Higgs to invisible and exotic decays, golden channels to probe
new physics, one-to-one correspondence could enhance discovery power by 10%
to up to a factor of two. This study demonstrates the necessity and feasibility of
one-to-one correspondence reconstruction at electron-positron Higgs factories.

In collider experiments, high-energy particles collide and generate multiple final state
particles, bringing information about underlying physics laws. These particles inter-
act with the detector, excite detector sensors, and generate electronic signals that are
recorded into data, typically in the form of detector hits. Correspondingly, data pro-
cessing in collider experiments consists of two main steps: interpreting detector hits
into physics objects, particularly final state particles, and performing physics mea-
surements using these physics objects. The first step is called reconstruction, which
can be regarded as the inverse process of detector hits generation.

The reconstruction establishes a mapping between visible particles and recon-
structed ones, where the ultimate goal is a one-to-one (1-1) correspondence. The
visible particles include both primary particles from the interaction point (IP) and sec-
ondary particles generated through interactions with detector materials upstream of
the calorimeter, as far as they create detector hits. 1-1 correspondence reconstruction
aims to not only successfully reconstruct each individual particle, but also correctly
identify its species (a.k.a. the particle identification, PID). 1-1 correspondence is highly
beneficial for collider experiments because it provides a universal foundation for recon-
structing various physics objects and can significantly enhance the reconstruction
performance for jets and missing energy/momentum.

Depending on the multiplicity of visible particles and the detector configuration,
achieving 1-1 correspondence could be truly challenging. For proton-proton and heavy
ion collisions at the Large Hadron Collider (LHC) [1] or future hadron colliders,
each collision can generate O(102–104) visible particles, making 1-1 correspondence
extremely difficult, especially in the detector forward region. In contrast, at electron-
positron colliders with center-of-mass energies (

√
s) around 10 GeV or lower, such as

the BelleII [2, 3] and BESIII [4, 5] experiments, the particle multiplicity is typically
below 10, and their detectors usually emphasize on the PID performance, achieving
1-1 correspondence could be much easier. Our study focuses on the electron-positron
Higgs factory [6–10], which is regarded as the highest-priority future collider as it
offers excellent opportunity to discover new physics [11, 12], especially via precision
measurements of the Higgs boson. It operates at center-of-mass energies ranging from
91.2 GeV to several TeV, typically producing O(100) visible particles distributed in
narrow jets in hadronic events.

The concept of 1-1 correspondence evolves from the Particle Flow Algorithm
(PFA) [13–18], with the key idea to trace each individual particle, classify and associate
corresponding detector hits, and measure the particle 4-momentum using the most
suitable sub-detector system. Originating from the ALEPH [16] experiment, the PFA
has become the guiding principle for multiple conceptual detector designs at electron-
positron Higgs factories [9, 10, 19] and detector upgrade projects at HL-LHC [20].
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Fig. 1 AURORA detector geometry and an event display of νν̄H,H → gg (
√
s = 240GeV) event.

Benefiting from the rapid development of artificial intelligence, many machine learn-
ing algorithms have been implemented to enhance PFA performance [21–23]. The
current PFA performance at electron-positron Higgs factories is primarily limited by
confusion [14, 24], which includes the effects of fake particles, failures in track-cluster
matching, particle loss due to shower overlap, etc. These confusion effects violate
the 1-1 correspondence relationship. Therefore, the goal of 1-1 correspondence recon-
struction is to approach confusion-free particle flow reconstruction and to identify the
species of all visible particles.

The performance of PFA can be quantified using the Boson Mass Resolution
(BMR) [9, 25], which represents the relative mass resolution of massive bosons (such as
Higgs, Z, and W bosons) decaying into hadronic final states. At the electron-positron
Higgs factory, a BMR smaller than 4% is required to separate the qq̄H signal from
qq̄Z background using the recoil mass method [9, 26]. A smaller BMR is beneficial
for all physics measurements with hadronic final states, especially for flavor physics
measurements and new physics searches since they rely on accurate measurements of
missing energy and momentum. Referring to the Circular Electron-Positron Collider
(CEPC) Conceptual Design Report (CDR) [9], its baseline detector design achieves
a BMR of 3.7% [25, 27], meeting the requirements for Higgs measurements. In terms
of PID, the CEPC baseline detector demonstrates a typical efficiency of 99.5% and
a misidentification rate around 1% for isolated lepton identification [28, 29]. It can
also distinguish charged hadrons (π±, K±, p/p̄) using techniques such as dE/dx and
time-of-flight (TOF) measurements [30, 31].

To pursue 1-1 correspondence reconstruction, we develop the AURORA (Appara-
tUs for RecOnstRuction with Advanced algorithm) detector concept and the PROOF
(Particle Reconstruction with One-to-One correspondence at Higgs Factory) recon-
struction framework, based on the CEPC CDR baseline design [9]. AURORA features
a high-granularity 5-dimensional (5D) calorimetry as its core, with a unified time reso-
lution of 100 ps for each calorimeter hit. The left panel of Fig. 1 shows a cut-away view
of AURORA, with more details provided in Methods. Combining the CEPC baseline
PFA Arbor [14] and Particle Transformer (ParT) [32], PROOF performs a univer-
sal identification of all reconstructed particles, simultaneously distinguishing different
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Fig. 2 Left: Schematic diagram of visible-reconstructed particle mapping. “Charged without clus-
ter/track” means a charged particle does not create enough hits to form a cluster/track (mainly due
to limited detector acceptance and efficiency), while “Charged with cluster lost” refers to cases where
both a cluster and track are formed but do not match each other, resulting in fake particles. Right:
Fraction of truth visible energy mapped into different categories.

confusion types and identifying particle species. ParT is a particle cloud- [33] and
Transformer-based [34] machine learning model adapted for high-energy physics exper-
iments, which has been applied in jet flavor tagging at the LHC [35–37] and jet origin
identification (JOI) at the electron-positron Higgs factory [38]. Following the conven-
tion of CEPC performance studies [9, 27, 39], we simulate 1 million νν̄H,H → gg (

√
s

= 240 GeV) events with AURORA detector and reconstruct these events with Arbor.
A reconstructed νν̄H,H → gg event is displayed in the right panel of Fig. 1, and more
details on simulation and reconstruction are described in Methods.

Using truth-level information in the Monte Carlo (MC) simulation, we establish
a mapping between visible particles and reconstructed ones, as illustrated in the left
panel of Fig. 2. The mapping consists of three main categories:

• 1-1 correspondence (solid arrows in Fig. 2): one visible particle is mapped to only one
reconstructed particle. This category consists of three types, represented in shades
of green in Fig. 2. One type is well-reconstructed, where a cluster is a must for
neutral particles, and both track and cluster are required for charged ones. The
other two types correspond to charged particles that generate only track or cluster,
mainly caused by the limitations of detector acceptance (e.g. in the forward region)
and efficiency (e.g. dead zone or energy/momentum measurement thresholds).

• Fake particles (in orange and yellow in Fig. 2): occur when one visible particle is
mapped to multiple reconstructed particles. Due to detector inefficiency and particle
interactions with upstream materials, the calorimeter hits generated by a single
particle may be grouped into multiple clusters. For a charged particle, its track
could be matched to only part of or even none of these clusters, while the remaining
clusters are reconstructed as nearby extra neutral particles. These neutral particles
that originate from charged particle shower fragments and un-associated clusters,
represented in orange in Fig. 2, can cause double-counting in the total reconstructed
energy. For simplicity, these neutral particles are called fake particles in this study.
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• Lost particles (in gray in Fig. 2): visible particles with no corresponding recon-
structed particles. Particles can be lost due to limited detector acceptance1, selection
criteria, and shower merging. Selection criteria are applied to improve the recon-
struction performance, such as vetoing fake particles, but inevitably they could
exclude genuine particles, usually low-energy ones. Shower merging (dotted arrow
in Fig. 2) is another major cause of particle loss, particularly within high-energy
jets where nearby or overlapping calorimeter showers can be merged into one clus-
ter, especially at limited calorimeter granularity. For instance, the reconstruction of
π0 → γγ can be particularly sensitive to shower merging.

According to this mapping with truth information, we label reconstructed particles
into 15 types, including 10 types of visible particles (e±, µ±, π±, K±, p/p̄, γ, K0

L, n,
n̄, and others including K0

S and Λ that not yet decay within the tracker volume) and
5 types of confusion (such as different kinds of fake particles, charged particle without
track, etc). Each reconstructed particle is characterized by 55 observable variables as
inputs to ParT. More details can be found in Methods.

The quantitative analysis [40] shows that fake particles are the leading contri-
bution to the BMR. In our simulation, on average, a νν̄H,H → gg event has 80
visible particles with a total energy of 135 GeV at the truth level, while the recon-
structed fake particles lead to a double-counted energy of 6 GeV, severely degrading
the BMR. PROOF can identify the fake particles with a typical efficiency of 77% and
a purity of 97.5%, consequently suppressing the average double-counted energy from
fake particles to 0.7 GeV (by nearly one order of magnitude) at the minor cost of mis-
excluding visible particles with a total energy on the order of 0.5 GeV. Consequently,
PROOF achieves a BMR of 2.75% (see the left panel of Fig. 3), where the effects
of fake and mis-excluded particles get balanced. Compared to the CEPC CDR [41],
the BMR is improved by 25%, where 10% is from the detector geometry optimization
to AURORA [42], and 15% is from the fake particle suppression. The contributions
from the three categories of visible-reconstructed particle mapping to the BMR are
not proportional to their corresponding energy fractions. The contribution from the
1-1 correspondence category primarily stems from the detector resolution, which is
orders of magnitude lower compared to the total energy of particles within this cate-
gory. Meanwhile, the contributions from the fake and lost categories are comparable
to their corresponding total energies. We found that the 1-1 correspondence category
contributes to half of the BMR, while the fake and lost categories each contribute a
quarter, combined quadratically.

Referring to the truth level energy of visible particles, we calculate the fraction
of total visible energy corresponding to different categories of the mapping. Ignoring
the remaining fake particles2, we observe that over 90% of the total visible energy is

1In this article, we define visible particles as those that create detector hits. On the other hand, the
limited detector acceptance causes particle loss, i.e., AURORA has an overall geometry acceptance of
| cos θ| ≈ 0.99, where it cannot record particles traveling in the forward direction. Since particle loss due
to detector acceptance certainly impacts the overall physics measurement, we list these particles in dashed
boxes in Fig. 2 to complete the picture and also consider them when calculating visible energy fractions in
the following text.

2The remaining fake particles could violate the 1-1 correspondence relationship, as one visible particle
could be mapped to one leading reconstructed particle together with one or even several fake particles.
However, as the energy of the fake particle is usually much lower than the leading one, the fake particle only
has a tiny impact on the reconstruction and identification of the original visible particle. Meanwhile, the
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Fig. 3 Left: Invariant mass distributions of hadronically decayed Higgs, W , and Z bosons derived
by the combination of AURORA and PROOF to approach 1-1 correspondence reconstruction. Right:
Confusion matrix of well-reconstructed particles identification. Both are after removing identified
fake particles.

mapped to the well-reconstructed particles, 4% to charged particles without clus-
ters (with over half of this due to calorimeter acceptance/inefficiency), 2.5% to charged
particles without tracks, and 2.6% of the energy is lost due to limited detector accep-
tance, shower merging, and mis-excluded genuine particles, as illustrated in the pie
chart in Fig. 2. The detector acceptance dominates the confusion of charged particles
without clusters or tracks. Summing the energy fraction of well-reconstructed par-
ticles and confusion type purely originating from detector acceptance, we consider that
nearly 95% of the total visible energy maintains the 1-1 correspondence relationship.

Focusing on the well-reconstructed particles of 1-1 correspondence type, the PID
performance of PROOF is shown in the confusion matrix in the right panel of Fig. 3.
The identification efficiencies (diagonal matrix elements) range from 97% to nearly
100% for charged particles and photons, and from 75% to 80% for three types of neutral
hadrons. Since the PID performance depends on particle kinematics, we extract the
traces (i.e. sums of diagonal elements) of sub-matrices in different particle momentum
and polar angle ranges, as shown in Fig. 4. For photons and charged particles, a high-
trace plateau is observed within the momentum range of 0.8 to 20 GeV and | cos θ| <
0.96. Inefficiencies primarily arise due to limited cluster-level information in the low-
momentum region and degraded PID performance in high-momentum and detector-
forward regions. Similar behavior is observed for neutral hadrons, which shows that
the trace is approaching 3 in a limited phase space, indicating that even neutral
hadrons can be efficiently separated. These observations lead to the conclusion that
1-1 correspondence is feasible at future electron-positron Higgs factories.

It should be noted that many simplifications have been made to facilitate this
analysis. To fully realize 1-1 correspondence reconstruction and maximize its impact

total energy of remaining fake particles only contributes to a sub-percentage level of total visible energy.
Therefore, we ignore these remaining fake particles in our study.
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Fig. 4 Traces of 6× 6 (e±, µ±, π±, K±, p/p̄, γ) (left) and 3× 3 (K0
L, n, n̄) (right) sub-matrices as

function of momentum and polar angle | cos θ|.

on physics exploration, dedicated studies are required in the future. Secondary par-
ticles can significantly affect reconstruction and physics measurements. For example,
electron-positron pairs from photon conversions and muons from hadron decays could
contribute to the background in measurements that rely on (semi-)leptonic decays.
Secondary nucleons, generated in the interactions between primary particles and
upstream materials, as well as backscattering, could impact the BMR. The recon-
struction of the primary vertex is crucial for TOF measurements and affects PID
performance. The impact of beam-induced background needs to be analyzed and pre-
sumably ameliorated. Event building at high event rates also needs to be developed.
Detector optimization should be systematically performed, including the quantifica-
tion of performance specification (particularly the TOF resolution of the calorimeter
and dE/dx performance of the gaseous tracker), the survey of available and emerging
technologies, and the geometry optimization. Modeling and verifying detailed detec-
tor responses are crucial for controlling systematic uncertainties, which is vital for
precision measurements.

Prospects

Our study demonstrates the feasibility of 1-1 correspondence reconstruction at the
electron-positron Higgs factory, it can significantly improve the BMR performance,
and simultaneously identify 10 different kinds of visible particles. Meanwhile, the per-
formance bottleneck of 1-1 correspondence in our current setup is identified to be
the detector acceptance and neutral hadron identification, which could be amelio-
rated via dedicated algorithms and detector optimization. This section discusses the
prospects for high-level reconstruction and physics measurements with an ideal 1-1
correspondence reconstruction.

Since 1-1 correspondence reconstruction provides the particle mass information via
PID, the energy of visible particles can be determined by the TOF. 5D calorimetry
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Fig. 5 Top left: Neutral hadron energy resolution using calorimeter with direct energy sum of each
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extends S1 by further assuming perfect identification of K0
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0
S , n/n̄, and Λ/Λ̄. Bottom: Anticipated

upper limits on branching ratios of Higgs exotic and rare decays with different performances of JOI
and BMR.

provides TOF measurements for both charged and neutral particles. For charged par-
ticles, their energies/momenta can be determined by three methods: shower energy via
calorimeter, track momentum via tracker, and TOF via calorimeter, while the TOF
method has a comparative advantage in the forward region. For neutral particles, their
energies can be determined by both the shower energy and the TOF via calorimeter,
with TOF showing a significant advantage for low-energy neutral hadrons, as demon-
strated in the top left panel of Fig. 5. Therefore, by combining these measurements of
particle energy, such as selecting the most suitable method according to the particle
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species and their kinematics, we can significantly improve the energy/momentum reso-
lution of particles, and consequently improve the BMR. Considering the improvement
in particle energy measurement can also benefit pattern recognition and confusion
control, we estimate that this approach could further enhance the BMR by 15–20%,
meaning that a BMR of 2.2–2.4% could, in principle, be achieved.

1-1 correspondence reconstruction can also significantly enhance the JOI perfor-
mance. JOI is the procedure to determine the type of quark/gluon (11 types are
typically considered: b, b̄, c, c̄, s, s̄, u, ū, d, d̄, g) from which a jet originates. A recent
study realizes JOI with the CEPC CDR baseline detector [38]. It can simultaneously
identify b, c, s quarks with efficiencies of 70–90% and u, d quarks with efficiencies
of 40%, meanwhile, the charge flip rates of quarks and anti-quarks are controlled to
be 10–20%, with an ideal lepton and charged hadron identification. JOI significantly
boosts the accuracy of flavor-sensitive physics measurements, such as H → ss̄ and
H → sb decays [38], CKM matrix element |Vcb| [44], CP -violating phase ϕs [45], and
weak mixing angle [46] measurements. 1-1 correspondence provides the identification
ofK0

L, n, and n̄, while in principle theK0
S and Λ could also be identified [47], therefore,

providing the PID information of all these neutral hadrons, we observe a significant
improvement on JOI performance especially the identification performance of u/d/s
quarks, as shown in the top right panel of Fig. 5.

BMR and JOI are key performances of event reconstruction at electron-positron
Higgs factories. Their improvements will benefit most physics measurements with
hadronic final states. For example, the Higgs to invisible final states is a key portal to
detect dark matter at Higgs factories. The original upper limit at 95% confidence level
is quantified to be O(0.1%) [48] with a BMR of 3.7%. Improving the BMR to 2.75%,
or even 2.2%, will consequently enhance the upper limit by O(10%) [49]. Higgs exotic
and rare hadronic decays are also sensitive probes to new physics. Using JOI technol-
ogy, these decay modes can be typically limited to 10−4 to 10−3 using νν̄H and ℓℓH
processes [38]. With the improvement in JOI alone, the constraints could be enhanced
by 10% to up to a factor of two. Considering also the improved BMR, the sensitivi-
ties are expected to be further enhanced by another O(10%), see the bottom panel of
Fig. 5. 1-1 correspondence also expands the methodology for detector monitoring: by
reconstructing almost all visible particles, it provides an in-situ, holistic description
of the detector response, which is critical for controlling systematic uncertainties in
high-precision physics measurements. In short, 1-1 correspondence could significantly
boost the discovery power of electron-positron Higgs factories.

Based on this study, we are confident that 1-1 correspondence reconstruction will be
a new paradigm for event reconstruction at the high-energy frontier. For the electron-
positron Higgs factory, 1-1 correspondence reconstruction is a goal that should be
pursued, as it can significantly enhance the physics reach and discovery power. It is also
a goal that could be achieved—presumably very soon—through integrating innovative
detector technologies, advanced reconstruction algorithms, and artificial intelligence.
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Methods

AURORA detector

AURORA, the conceptual detector used in this study, is a PFA-oriented detector
design developed from the CEPC CDR baseline [9, 50]. It has an outer radius of 5.2 m,
a length of 10.5 m, and a total weight of approximately 5000 tons, with over 65% of
the weight contributed by the Yoke and nearly 25% by the HCAL. Fig. 6 displays two
side views of AURORA, and specific geometry parameters are summarized in Table 1.
In general, AURORA features a high-granularity calorimetry with both ECAL and
HCAL, a high-precision tracker system with a low material budget, a high-precision
vertex detector, and a large solenoid that encloses ECAL and HCAL. Compared to the
CDR baseline, the major change is the HCAL, where we replace the Glass Resistive
Plate Chamber (GRPC) digital HCAL [9] with the Glass-Scintillator HCAL [39] and
increase the HCAL thickness from 5 to 6 nuclear interaction lengths (λ) to reduce
the longitudinal leakage. In addition, for both ECAL and HCAL, we assume each
calorimeter cell can provide a time resolution of 100 ps, which is used for the PID and
PFA confusion identification.
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Fig. 6 The r-z (left) and r-ϕ (right) views of the AURORA detector geometry.

Table 1 AURORA detector geometry parameters.

Sub-detector
Thickness

(mm)
Inner radius

(mm)
Outer radius

(mm)
Length
(mm)

Volume
(m3)

Transverse
cell size

#Layers #Channels

Vertex - - 16–60 125–250 - 25 × 25 µm2 6 5.3 × 108

Si-strip
Tracker

- -
155
300
1810

736
1288
4600

- 20 µm × 2 cm 3 3.0 × 107

TPC - 300 1800 4700 47 1 × 6 mm2 220 2.9 × 106

ECAL 173 1845 2018 5250 15 1 × 1 cm2 30 2.5 × 107

HCAL 1145 2072 3250 7590 180 2 × 2 cm2 48 1.8 × 107

Solenoid 700 3275 3975 7750 120 - - -

Yoke 1200 4000 5200 10500 470 - - -

Monte Carlo simulation and reconstruction

A total of 1 million νν̄H,H → gg events are generated and simulated using the Monte
Carlo method. The simulation is conducted within the CEPC software framework [9],
utilizing Whizard1.95 [51] and Pythia6.4 [52] for event generation, MokkaPlus [53, 54]
for detector simulation, and Arbor [14, 25] for particle flow reconstruction. Using tracks
and calorimeter hits as inputs, Arbor groups calorimeter hits into clusters based on the
shower’s tree-like topology. With the high granularity of the AURORA calorimeter,
Arbor can efficiently separate nearby showers.

Particle mapping

The visible-reconstructed particle mapping is constructed using the truth links
recorded in the simulation sample. These truth links connect each tracker/calorime-
ter hit with the particles that excite the hits. The hits are also associated with
reconstructed particles through the reconstruction procedure. The mapping is thus
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established via hits. By analyzing the mapping, all reconstructed particles are labeled
into 15 types:

• 10 types of 1-1 correspondence (in shades of green in Fig. 2): e±, µ±, π±, K±, p/p̄,
γ, K0

L, n, n̄, and others such as K0
S and Λ.

• Charged particles with no track (in light green in Fig. 2): Since a track is an indis-
pensable feature that provides more precise measurement and key information for
identifying charged particles, the absence of a track will undoubtedly affect the
identification of charged particles. We therefore classify this case as a separate
category.

• Fake particles from charged shower fragments (in orange in Fig. 2).
• Fake particles from neutral shower fragments (in yellow in Fig. 2).
• Multi-track: more than one charged reconstructed particle (track) is mapped to one
visible particle. Considering that the proportion of this type is less than 0.03%, we
omit this case in the mapping schematic diagram for simplicity.

• In Arbor reconstruction, a small fraction (< 0.1%) of reconstructed particles can-
not be mapped to any visible particle. These particles are virtually reconstructed
through Arbor’s supplementary “energy flow” strategy to balance energy during
track and cluster matching. Since this is an algorithm-dependent case, it is also
omitted in the mapping schematic diagram.

ParT

ParT [32] is used to classify reconstructed particles through an encoder-only Trans-
former architecture. This model processes both individual particle features and
pairwise particle interaction features. The particle features are first embedded with
a 3-layer multi-layer perceptron (MLP) and then passed through 10 layers of multi-
head self-attention, where the pairwise interaction features introduce a pre-softmax
bias to the attention mechanism. The final particle embeddings, obtained from the
last attention layer, are further processed by three fully connected layers, each with
128 neurons and a dropout rate of 0.1. A final linear layer projects the embeddings
into a space with dimensions corresponding to the number of classes, generating a set
of scores that represent the classification probabilities for each particle.

Training setup

Each reconstructed particle is characterized by 55 observable variables at the particle,
cluster, and track levels, as listed in Table 2. These variables serve as input features
for ParT, which outputs the likelihoods for different types of reconstructed particles.
The complete sample of 1 million reconstructed νν̄H,H → gg events are split into
three independent sets in a ratio of 6:2:2 for training, validation, and evaluation of the
ParT model. A ParT model with approximately 2.2 million parameters is constructed
and trained for 30 epochs.

Fake particle suppression

Fake particles are those extra reconstructed neutral particles arising from shower frag-
ments of charged particles, denoted by f±. Fig. 7 compares the output f±-likelihoods
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Table 2 Input variables of ParT.

Object level Observable variables

Reconstructed
particle

4-momentum (E, px, py, pz)

Direction (θ, ϕ)

Number of tracks and clusters

Track

Number of hits

Endpoint position

3-momentum (|p⃗|, px, py , pz , pT )

dE/dx (mean of 5–85% truncation and quartiles)

Cluster

Number of hits

Energy

Position of shower starting point

Position of center of gravity

Fractal dimension [55]

Second moment (M2)

Distance between ECAL inner surface and shower starting point

Distance between ECAL inner surface and center of gravity

Distance between ECAL inner surface and the innermost hit

Distance between ECAL inner surface and the outermost hit

Maximum distance between cluster hits and the track helix (for charged particles)

Maximum distance between cluster hits to the axis from the innermost hit to the center of gravity

Average distance between cluster hits to the axis from the innermost hit to the center of gravity

Hit time spectrum (the fastest time and quintiles)

Closest
charged
cluster

Minimum distance between cluster hits of each other

Number of hits

Energy

Ratio of Ecluster to ptrack

of different types of reconstructed neutral particles. Identified f± is defined as those
reconstructed neutral ones with f±-likelihood larger than some threshold. By exclud-
ing the identified f±, the optimal BMR of 2.75% is derived when f±-likelihood >
0.85.
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