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Boosting charm meson radiative decays 

with deep learning
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Charm radiative decay

4[1] Phys. Rev. D 52, 6383 (1995)

ü The weak radiative decays of ὄmeson are successfully described with a heavy-quark expansion, validated by 

experimental measurements. However, in the charm region, the free-quark approximation fails due to 

comparable scales ofά and ɤ , requiring full treatment of non-perturbative QCD effects.[1,2]

ü While the short-distance magnetic penguincontribution (ὧO ‎ό) is heavily suppressed to ͯρπ by GIM 

cancellation and small CKM elements (enhanced only to ͯ even with QCD corrections), the hadronic 

long-distance effectsτparticularly pole amplitudes and vector meson dominance (VMD) mechanismsτcan 

amplify the branching ratios to ͯ and serve as the primary contribution to these decays.[1]

[2] Phys. Rev. Lett. 118 (2017) 5, 051801 



Polarization puzzle in Ὀᴼὠὠ
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ü For an exclusive decay, the longitudinal polarization fraction is defined as █╛ḳ
║╕■▫▪▌░

║╕■▫▪▌░║╕◄►╪▪▼

The longitudinal polarization dominance (LPD) means Ὢḙρ[1]

ü In the beauty sector, naïve power counting predicts that ὄᴼὠὠ‰ȟὑzȟ”ȟ‫ decays are LPDsince the helicity-flip 

transition is suppressed at the order of Ώ Ⱦά . [1,2]

ü In most cases, the exp. measurements support the LPDphenomenon, e.g. ὄ ᴼ””ȟὄ ᴼ”” ,”ὑᶻ .[3]

[1] Phys.Rev.D 24 (1981) 2848

[2] Nucl.Phys.B 201 (1982) 492

[3] Phys.Rev.Lett. 91 (2003) 171802

[4] Phys.Rev.D 75 (2007) 052003

[5] Phys.Rev.D 45 (1992) 2196-2211

[6] Phys. Rev. Lett. 134, 201902 (2025)

ü However, in the charm sector, apparent deviations of the LPDare observed inὈᴼὠὠ, such as:

Å Ὢ χρ τ ςϷ for Ὀ ᴼ””; [4]

Å transverse polarization dominance for Ὀ ᴼὑᶻ”.[5]

Å approximately half dominance of the ꜠wave over הand עwaves for Ὀ ᴼ”‫ ;[6]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.201902


Charm radiative decay
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ü With BESIII's world-leading high-statistics ‪σχχπdatasets, we can comprehensively study Ὀᴼ‎ὠprocesses to:

ː study non-perturbative QCD effects and test non-pQCDcalculations,

ˑ test VMD/FSImodels in the charm sector,

˒ provide crucial constraints on polarization puzzles in Ὀᴼὠὠdecays (due to the purely transverse 

polarization ‗ ρ in Ὀᴼ‎ὠtransitions)

Decay mode Branching fraction (PDG 2025)

Ὀ ᴼ‎ὑᶻ τȢρ πȢχ ρπ

Ὀ ᴼ‎‰ ςȢψρ πȢρω ρπ

Ὀ ᴼ‎” ρȢψς πȢσς ρπ

Ὀ ᴼ‎‫ ςȢτ ρπ

Ὀ ᴼ‎” ρȢσ ρπ

Ὀ ᴼ‎ὑᶻ ρȢψ ρπ

Ὀ ᴼ‎” φȢρ ρπ

CLEO

Belle

BABAR, Belle

BABAR, Belle

BESIII

BESIII

BESIII

Tiny branching ratio  + Massive background 

Ÿ Huge challenge
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https://arxiv.org/pdf/hep-ex/9803022
https://arxiv.org/pdf/1603.03257
https://arxiv.org/pdf/0808.1838
https://arxiv.org/pdf/1603.03257
https://arxiv.org/pdf/0808.1838
https://arxiv.org/pdf/1603.03257
https://arxiv.org/pdf/2410.06500
https://arxiv.org/pdf/2410.06500
https://arxiv.org/pdf/2408.03980
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BESIII experiment
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BEPCII
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BESIII 
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Datasets@BESIII
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Pair production at threshold

V Data: V Inclusive MC:40 times of the luminosity of data

Å High-statistics MC samples

ÅUpdated BFs  aligned with the PDG values

ÅUpdated DIY Generators for multibody decays



Datasets@BESIII
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Datasets@BESIII
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Pair production at threshold

V Data:

V Inclusive MC:40 times of the luminosity of data

Å High-statistics MC samples

Å Updated BFs  aligned with the PDG values

Å Updated DIY Generators for multibody decays

Double tag method

ü Suppress background significantly

ü Measure the absolute branching fraction

ü Cancel the systematic uncertainty from tag side

Data-MC Consistency  + High-statistics MC samples Boost Physics analysis with AI-powered Tools!

2025/8/7



03 
Published physics results
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Search for Ὀ ᴼ‎” and Ὀ ᴼ‎ὑᶻ
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ὔ
ᴼ

φȢψ Ȣ
Ȣ

ὔ
ᴼ ᶻ

ρȢψ Ȣ
Ȣ

¸ First search for radiative Ὀ decays

¸ Use 20.3 ÆÂdata@Ὁ σȢχχσ'Å6

¸ DT method with 6 Ὀ golden tag modes

¸ Reconstruct ” ὑᶻ with ““ ὑ “

¸ 2D fit on ɝ% and ÃÏÓ(to extract signal yield

¸ Upper limits @90% CL are set:

Å`Ὀ ᴼ‎” ρȢσ ρπ

Å`Ὀ ᴼ‎ὑz ρȢψ ρπ

¸ The upper limit on the BF of Ὀ ᴼ‎” is about 3.6ˋ 

below the SM prediction. 

JHEP 12 (2024) 206

2025/8/7



Search for Ὀ ᴼ‎”
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¸ First search for radiative Ὀ decay

¸ Use 7.33 ÆÂdata@Ὁ ᶰτȢρςψȟτȢςςφ'Å6

¸ DT method with 5 hadronic tag modes

¸ 2D fit on ὓ and ÃÏÓ(to extract signal yield 

ὔ σσ ρτwith statistical significance of 2.5ů 

¸ The BF is measured to be ςȢς πȢω πȢς

ρπ ,with UL set at φȢρ ρπ @90% CL 

¸ The result agrees with theoretical calculations 

based on light-cone sum rules, hybrid framework 

and vector-meson dominance.

JHEP 11 (2024) 119

2025/8/7



Belle measurement
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Phys. Rev. Lett. 118 (2017) 5, 051801 

¸ First observation for the radiative Ὀ ᴼ‎” decay

¸ Use 943 ÆÂdata collected with the Belle

¸ 2D fit on ὓ and ÃÏÓ(to extract signal yield

¸ BF measurements of three Ὀ ᴼ‎ὠdecays

¸ The measured `Ὀ ᴼ‎” is considerably larger 

than theoretical expectations.

¸‰and ὑz results agree with theoretical calculations.

Ὀ ᴼ‎” Ὀ ᴼ‎ὑᶻ

Ὀ ᴼ‎‰Ὀ ᴼ‎‰

¸ First search for CP violation in these decays 

2025/8/7
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DNN-Enhanced 
Physics Exploration
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HEP Exp. Analysis Workflow 
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Transformer
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ü Attention Mechanism :Dynamically weighs the importance 

of input elements by computing pairwise associations across 

the sequence through query-key-value interactions.

Attention is all you need!

Transformer is a DNN architecture based on self-attention mechanisms , featuring an encoder-decoder

structure that enables efficient capture of long-range contextual dependencies with full parallelization.

Our brains first focus on key visual 
elements when viewing complex images 

- this is how attention works .

ü Landmark Achievements :

1. Natural Language Processing (NLP) :

Å Achieved state-of-the-art in machine translation 

(e.g., BLEU scores +9.0 over RNNs)

Å Enabled large language models (GPT-3, BERT) 

with trillion-scale parameters

2. Computer Vision (CV) :

Å Vision Transformers (ViT) surpassed CNNs on 

ImageNet classification

3. Broader Impact :

Å Revolutionized diverse fields including protein 

structure prediction, and particle physics jet 

tagging via task-specific adaptations.

2025/8/7

https://arxiv.org/pdf/1706.03762


Particle Transformer
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Í Model architecture: Particle Transformer (ParT)

ü DNN model based on the Transformer architecture

ü Specially tailored for HEP (jet tagging task for LHC)

Å Inject physics-inspired pairwise features to model 

Å Force it to capture kinematic relations effectively

ü ParT sets a new state-of-the-art benchmark for jet tagging.

arXiv:2202.03772

2025/8/7

https://arxiv.org/abs/2202.03772
https://arxiv.org/abs/2202.03772


Input features for tracks Good Data/MC consistence for input features!

Use 20.3 ÆÂdata

@Ὁ σȢχχσ'Å6
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Input features for showers Good Data/MC consistence for input features!

Use 20.3 ÆÂdata

@Ὁ σȢχχσ'Å6
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Search for Ὀ ᴼ‎Ὡ’
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Ï Physics motivation

· `Ὀ ᴼὩ’ is predicted to be ρͯπ due to highly helicity suppression.

· Radiative photon mitigates helicity suppression in the Ὀ ᴼ‎Ὡ’. (BF ρͯπ )

· Theoretical models can be examined via 20.3 ÆÂ‪(3770) data from BESIII

arXiv:2503.16070

Ï Deep learning solution 

· TypeI Bkg: involve more photon candidates than the signal 

· TypeII Bkg: ὑ -induced showers misidentified as photon

· Train a DNN model for ‎/“ /other classification with ParT

· Since the sum of the three scores always equals one, only two of them are independent.

· Veto DNN responses to suppress background

3ÃÏÒÅʌ πȢρυ 3ÃÏÒÅÏÔÈÅÒπȢπυ

https://arxiv.org/abs/2503.16070


Search for Ὀ ᴼ‎Ὡ’
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arXiv:2503.16070

2025/8/7

Ï Physics result

· Not reveal a significant signal

· enhancing the sensitivityof the signal

· UL on the BF with radiative photon energy 

over 10 MeV to be ρȢς ρπat 90% C.L.. 

· Excludes most existing theoretical predictions 

· Thereby indicating the necessity of further 

investigation of the decay mechanism.

The backgrounds are reduced by 
more than two orders of magnitude!

https://arxiv.org/abs/2503.16070


BF Measurement of Ὀ ᴼ‎”
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BESIII Charm Group Report

Ò Physics motivation

· To date, the relative BF of 
Ἆᴼ

Ἆᴼ
has been measured only by the Belle.

· The measured value is considerably larger than many theoretical expectations.

· With BESIII's world-leading high-statistics ‪(3770) datasets, we can firstly 

measure the absolute BF of this decay channel.

W Traditional cut-based method

Å Use 20.3 ÆÂdata@Ὁ σȢχχσ'Å6

Å DT method with 3 Ὀ golden tag modes

Å Some common requirements on the kinematic variables

· 2D fit on ɝ% and ÃÏÓ(to extract signal yield

PRL. 118 (2017) 5, 051801 

L The BF of dominant background Ὀ ᴼ“““ is ַײρπ

L extremely low signal significance and weak detection sensitivity

2025/8/7

X Deep learning solution 

· Train a DNN model for signal/background classification

· Input features from every tracks and showers in an event

· Use signal MC and 40x inclusive MC samples for training

· Fit DNN output score to get the signal yield
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BF Measurement of Ὀ ᴼ‎” BESIII Charm Group Report

_ Network configuration

ü Core Modules

Å τ Particle Attention Blocks

Å ς Class Attention Blocks

ü Embedding Layers

Å Particle Embedding: 3-layer MLP: (64, 256, 64) nodes

Å Interaction Embedding: 4-layer 1D pointwise 

convolution: (32, 64, 32, 8) channels

ü Dropout rate: 0.05

ü Model Scale : number of hyper parameters ~ 277k

ǃ Training sample

ü Signal MC sample (940 k)

ü Background MC sample (930 k)
Randomly shuffle

2025/8/7 2025.8 ԉṩ · BESIII ẶḒⱶת Һ
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BF Measurement of Ὀ ᴼ‎”
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BESIII Charm Group Report

J Some validations

· Good data-MC agreement in key distributions

· Event selection and NN model are unbiased !

J Model responce

ü Event-wise DNN scores reflect their signal-likeness 

(0: background-like Ÿ 1: signal-like).

ü Excellent signal-background discrimination!

2025.8 ԉṩ · BESIII ẶḒⱶת Һ2025/8/7

Fit method: a fit on the score:

Å Signal : Signal MC Shape

Å BKG χInclusive MC Shape

Normal gaussian function
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Summary & Outlook
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Summary & Outlook

Ò Charm radiative decays

ü study the decay dynamics of charm mesons

ü test Standard Model and probe new physics 

ü offer essential insights into the polarization puzzles in Ὀᴼὠὠdecays

ü probe non-perturbative QCD dynamics and test VMD/FSI models in the charm sector

Í BESIII: An ideal laboratory for advanced ML

X Superior performance of BEPCII and BESIII

X High-statistics and High-quality datasets

· 10 billion ὐȾ‪and 2.7 billion ‪(3686) sample

· 20.3 ÆÂ‪(3770) sample

· 4.4 ÆÂɤɤ data @ ί τȢφͯ τȢχGeV

· !ƴŘ ǎƻ ƻƴ Χ

X Large, labeled, background-free MC sample

X Boost Physics analysis with new AI-powered Tools

Í Rich physics results have been produced

X First search for Ὀ ᴼ‎” and Ὀ ᴼ‎ὑz

X First search for  Ὀ ᴼ‎”

X Search for Ὀ ᴼ‎Ὡ’with DNN

Å More radiative decay results coming soon 

· Ὀ ᴼ‎ὑᶻ and Ὀ ᴼ‎‰

· Ὀ ᴼ‎” and Ὀ ᴼ‎‫

· Ὀ ᴼ‎ὑ ρςχπand Ὀ ᴼ‎ὑ ρςχπ

· Ὀ ᴼ‎ὑᶻ

J Larger data samples will be collected at future 

Tau-Charm Factory

J The potential and wide-ranging applicability of

deep learning techniques in particle physics research.29
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[1] Phys. Rev. D 52, 6383 (1995) [2] Phys.Rev.D 109 (2024) 9, 093005



Charm radiative decay
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However, relevant experimental measurements remain scarce due to significant technical challenges:

ü Inherently small BFs: The BFs of charm weak radiative decays are extremely low, typically on the ַײρπ

even after accounting for long-distance contributions, making signal detection statistically challenging.

ü Overwhelming background from hadronic decays: Reconstructing the radiative photon in Ὀᴼ‎ὠdecays 

(often combined into neutral mesons like “ or –) suffers from severe background contamination from 

hadronic decay processes, whose BFs exceed radiative decays by 1ς3 orders of magnitude. These 

backgrounds overlap strongly with signal process across most kinematic variables.

Tiny branching ratio  + Massive background 

Ÿ Huge challenge

Decay mode Branching fraction (PDG 2025)

Ὀ ᴼ‎ὑᶻ τȢρ πȢχ ρπ

Ὀ ᴼ‎‰ ςȢψρ πȢρω ρπ

Ὀ ᴼ‎” ρȢψς πȢσς ρπ

Ὀ ᴼ‎‫ ςȢτ ρπ

Ὀ ᴼ‎” ρȢσ ρπ

Ὀ ᴼ‎ὑᶻ ρȢψ ρπ

Ὀ ᴼ‎” φȢρ ρπ

CLEO

Belle

BABAR, Belle

BABAR, Belle

BESIII

BESIII

BESIII2025/8/7
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Particle Transformer
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Í Model architecture: Particle Transformer (ParT)

ü Input Embedding Layer 

Å Converts particle features (momentum, helix 

parameters, detector info.) into vectors; 

Å Injects pairwise interaction terms U. 

ü Self-Attention Mechanism 

Å Core component enabling dynamic modeling of inter-

particle relationships through weighted feature 

aggregation across the input sequence.

ü Particle Attention Block 

Å Key particle processing module 

Å With multi-head attention (P-MHA), Layer 

normalization(LN) and feed-forward networks (FFN).

ü Class Attention Block 

Å Introduces class token for classification; 

Å Integrates P-MHA, LN, FFN and Softmax for jet 

category output. 

arXiv:2202.03772

2025/8/7

https://arxiv.org/abs/2202.03772
https://arxiv.org/abs/2202.03772
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Search for Ὀ ᴼ‎Ὡ’
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arXiv:2503.16070
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https://arxiv.org/abs/2503.16070

