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𝐩𝐊−𝛑+

Discovery of the charmed heavy baryon

• Not exclusively clear about the first observation

• A number of experiments which published evidence for the charmed 

baryons beginning in 1975 
✓ First hint of charmed baryon Σ𝑐

++→ Λ𝑐
+𝜋+ in BNL PRL34, 1125 (1975)

✓ First evidence of Λ𝑐
+ at Fermi Lab  PRL37, 882 (1976)

• The first well established state is the Λ𝑐
+ at MarkII PRL44, 10 (1980)
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The charmed baryon family

• Singly charmed baryons
✓ Established ground states:  

𝛬𝑐
+, Σ𝑐 , Ξ𝑐

(′)
, Ω𝑐

✓ Excited states are being explored

• Observation of other doubly charmed 

baryon 𝚵𝒄𝒄
++ and 𝚵𝒄𝒄

+

• No observations of other doubly or 

triply charmed baryons 

➢ 𝛬𝑐
+: decay only weakly, many 

experimental progress since 2014 

➢ Σ𝑐 : B Σ𝑐 → 𝛬𝑐
+𝜋 ~100%; B Σ𝑐 → 𝛬𝑐

+𝛾 ? 

➢ Ξ𝑐 : decay only weakly; absolute BF 
measured with poor precision

➢ Ω𝑐 : decay only weakly; no absolute BF 
measured
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Knowledge of charmed baryon decays

before 2014
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𝜩𝒄
+: relative to the decay of 𝜩−𝟐𝝅+

𝛀𝒄
𝟎

𝚲𝒄
+



𝜦𝒄
+ :  cornerstone of charmed baryon 

spectroscopy 

• The lightest charmed baryon

• Most of the charmed baryons will 
eventually decay to Λc 

• The Λc is one of important tagging 
hadrons in c-quark counting in the 
productions at high energy energies 
and Bottom baryon decays

• 𝐵(Λ𝑐
+ → 𝑝𝐾−𝜋+): important input 

to Vub via b-baryon decay 6
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Spectroscopy is well 
described by the 

quark-diquark model
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𝜦𝒄
+ weak decays

• Contrary to charmed meson, W-exchange contribution is important

• More information on the strong dynamics in the charm sector than 

those from the charmed meson decays  
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BESIII 
detector

LINAC

Beijing Electron Positron Collider (BEPCII)

beam energy: 1.0 – 2.5(2.8) GeV          

e+

e-

Lpeak= 1.0 x1033/cm2(4/5/2016)
2020: energy upgrade to 2.45 GeV
2025: energy update to 2.8 GeV with  

3x lumi. upgrade
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2004: started BEPCII upgrade,
BESIII construction

2008: test run
2009 - now: BESIII physics run   



The BESIII detector
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The new BESIII detector is hermetic for neutral and charged particle 

with excellent resolution, PID, and large coverage. 

NIM A614, 345 (2010) 



Charmed baryon thresholds

BESIII energy upgrades: 

4.6 GeV (Phase I, 2014) 

→ 4.95 GeV(Phase II, 2021) 

→ 3x lumi. & 5.6 GeV  (Phase III, during 2026- 2030)

𝚲𝒄
+ഥ𝚲𝒄

−

𝚺𝒄
ഥ𝚺𝒄

𝚵𝒄
ഥ𝚵𝒄 𝜴𝒄

𝟎 ഥ𝜴𝒄
𝟎 

4.573 GeV
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Semi-Leptonic mode

ST mode

Production near threshold 

and tag technique
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• Typically, two ways to study 𝚲𝐜
+ decays:

• Single Tag (ST): detect only one of the 𝜦𝒄
+𝜦𝒄

−

✓ Relative higher backgrounds

✓ Higher efficiencies

✓ Full reconstruction

• Double Tag (DT):  detect both of 𝜦𝒄
+𝜦𝒄

− 

✓ Clean backgrounds

✓ Missing mass technique: missing-mass technique: 

KL/neutron, neutrino, …

✓ Lower efficiencies

✓ Systematic in tag side are mostly cancelled

• Ecms-2m𝚲c=26 MeV only!

• 𝚲𝐜
+𝚲𝐜

− produced in pairs with no additional accompany hadrons.

• e+e-→γ*→ 𝚲𝐜
+𝚲𝐜

−

• Clean backgrounds and well constrained kinematics.

Ecms=4600MeV



Cross sections of 𝒆+𝒆− → 𝚲𝒄
+𝚲𝒄

−
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• Negate the 𝑌 4630  in decaying into Λ𝑐
+Λ𝑐

− reported by BELLE

• Energy-dependence of |GE /GM | reveals an oscillation feature, 

which may imply a non-trivial structure of the lightest charmed 

baryon. 

PRL131, 191901 (2023)6.4 fb-1 data 



Search for 𝒆+𝒆− → 𝚺𝒄
ഥ𝚺𝒄 and 𝚲𝐜

+ഥ𝚺𝒄
−
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Phys. Rev. Lett. 131, 191901 (2023)

PRD107, 072005 (2023) PRD 109, 012002 (2024) PLB 831, 137187 (2022) 

• 𝒆+𝒆− → 𝚲𝒄
+ഥ𝚺𝒄

−: an interesting isospin violating 

process to understand the QCD dynamics at 

charm sector

✓ 𝜎(Λ𝑐
+ തΣ𝑐

−)/𝜎 Λ𝑐
+ഥΛ𝑐

−   v.s.  𝜎(ΛതΣ)/𝜎 ΛഥΛ   

➔ vaccum pol. to 𝑐 ҧ𝑐 v.s. 𝑠 ҧ𝑠

• 𝒆+𝒆− → 𝚺𝒄
ഥ𝚺𝒄 ：

✓ Comparison to 𝜎(𝑒+𝑒− → Λ𝑐
+ഥΛ𝑐

−)
➔ good diquark v.s. bad diquark

https://hnbes3.ihep.ac.cn/HyperNews/get/paper453/48.html


Cross sections for 𝒆+𝒆− → 𝚺𝒄
ഥ𝚺𝒄 and 𝚲𝐜

+ഥ𝚺𝒄
−
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no significant signals are observed
PRD 112, 092017 (2025)

𝝈(𝜦𝒄
+ഥ𝜮𝒄

−)/𝝈 𝜦𝒄
+ഥ𝜦𝒄

−   𝝈(𝜦ഥ𝜮)/𝝈 𝜦ഥ𝜦  

<~1% ~40%

𝝈(𝜮𝒄
ഥ𝜮𝒄 )/𝝈 𝜦𝒄

+ഥ𝜦𝒄
−  𝝈(𝜮ഥ𝜮)/𝝈 𝜦ഥ𝜦  

<~1% ~20%



Semi-Leptonic decays
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Decays of 𝜦𝒄
+ → 𝜦𝝁+𝝂𝝁 and 𝜦𝒆+𝝂𝒆 
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PRL129, 231803 (2022)

PRD 108, L031105 (2023) 

𝜦𝝁+𝝂𝝁 𝜦𝝁+𝝂𝝁 

𝜦𝒆+𝝂𝒆 𝜦𝒆+𝝂𝒆 

<𝜶𝚲𝒄
>=−0.94 ± 𝟎. 𝟎𝟕 ± 𝟎. 𝟎𝟑

𝐵(Λc
+ → 𝛬𝑒+𝜈𝑒) = (3.56 ± 0.11 ± 0.07)%

𝐵(Λc
+ → 𝛬𝜇+𝜈𝜇) = (3.48 ± 0.14 ± 0.10)%

𝐵(Λc
+ → 𝛬𝜇+𝜈𝜇)/𝐵(Λc

+ → 𝛬𝑒+𝜈𝑒) = 0.98 ± 0.05 ± 0.03

𝐵(Λc
+ → 𝛬𝑒+𝜈𝑒) = (3.56 ± 0.11 ± 0.07)%

𝜦𝒄
+ → 𝜦𝝁+𝝂𝝁𝜦𝒄

+ → 𝜦𝒆+𝝂𝒆



Branching fractions of 𝜦𝒄
+ → 𝜦𝒆+𝝂𝒆
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PRL129, 231803 (2022)



Observation of 𝚲𝒄
+ → 𝒑𝑲−𝒆+𝝂
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3.8σ
8.2σ

PRD106, 112010 (2022)

• Second leptonic decay of Λc
+ is observed!

• Good channel to study Λ excited states, such as 

Λ(1405) and Λ(1520)

PLB 843, 137993 (2023)
𝐵 Λc

+ → 𝑝𝐾−𝑒+𝜈𝑒 = 8.8 ± 1.1 ± 0.7 × 10−4

𝐵 Λc
+ → Λ(1520)𝑒+𝜈𝑒 = 10.2 ± 5.2 ± 1.1 × 10−4



Evidence of 𝚲𝒄
+ → 𝚺±𝝅∓𝒆+𝝂
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arXiv:2512.05178

• 𝛬𝑐
+ → Λ∗𝑒+𝜈𝑒 should have large decay 

rates into 𝛬𝑐
+ → Σ𝜋𝑒+𝜈𝑒

• Good way to study the state of 

Λ(1405) via the SL decay

• Simultaneous fit to the three distributions assuming 

B Λ𝑐
+ → Σ+𝜋−𝑒+𝜈 = 𝐵 Λ𝑐

+ → Σ−𝜋+𝑒+𝜈 . 

• BF is calculated to be 7.7−2.3
+2.5 ± 1.3 × 10−4,with 

statistical significance is estimated to be 3.9 𝜎. This is 

consistent with the separate fit.

• Dominant contributions from the Λ(1405) and 

Λ(1520) 



Cabibbo-suppressed SL decays 
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PRD107, 052005 (2023) 

𝐵 Λc
+ → 𝛬𝑒+𝜈𝑒 = 3.56 ± 0.11 ± 0.07 %

𝐵 Λc
+ → 𝑝𝐾−𝑒+𝜈𝑒 = 8.8 ± 1.1 ± 0.7 × 10−4

𝐵 Λc
+ → Λ(1520)𝑒+𝜈𝑒 = 10.2 ± 5.2 ± 1.1 × 10−4

𝐵 Λc
+ → Λ(1405)𝑒+𝜈𝑒 ~3 × 10−3

• There is still room of 0.5% for un-seen SL 

decay of the Λ𝑐
+

• The Cabibbo-Suppressed SL decays have not 

been studied in experiment

• 𝛬𝑐
+ → 𝑛𝑒+𝜈𝑒 is the most promising channel for 

the experimental observation



Hunting for 𝜦𝒄
+ → 𝒏𝒆+𝝂
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• Important process of semi-leptonic 𝜦𝒄
+ decay to 

probe strong dynamics in charmed baryon

• Challenges: 

✓ neutrino is missing in detection

✓ dominant backgrounds from Λ𝑐
+ → Λ(→ 𝑛𝜋0)𝑒+𝜈 ,

with ~10x yields than that of the pursuing signals

✓ elusive neutron detection due to neutral charge and 

contaminations from the photon showers (& noises) 

in electro-magnetic calorimeter (EMC)

Need advanced Machine Learning tool to identify neutron showers in EMC
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Why Graph Neural Networks (GNN)
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• Many neural network architectures are specialized for sequential and image-

like data such as RNNs, transformers and CNNs.

• GNN can model more arbitrary relations among data objects by treating them 

as edges between nodes in a graph.

• Nearly unlimited labeled samples

• Structured data

• Clear training objectives

• Sharing of parameters across node 

and edge updates in the graph

• Permutation invariance

This fits well to the final state particles in physics collisions, where we 

deal with various objects like tracks/showers and their kinematic relations.

Nature Comm. 16, 681 (2025)



Analysis strategy
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• Threshold Λ𝑐
+ production: clean environment 

and Λ𝑐
+ tagging

• Train GNN with ParticleNet using control data 

from 𝐽/𝜓 → 𝑝𝑛𝜋+, 𝑝Λ𝐾+ and c.c. modes based 

on 10B 𝐽/𝜓 decays 

Nature Comm. 16, 681 (2025)



Method validation
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• Control channels of 𝐽/𝜓 → Σ+ 𝑛𝜋+ തΣ− 𝑝𝜋0  and

 𝐽/𝜓 → Ξ+ Λ𝜋+ തΞ− Λ𝜋−  based on 10B 𝐽/𝜓 decays 

Nature Comm. 

16, 681 (2025)



Observation of 𝜦𝒄
+ → 𝒏𝒆+𝝂
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(>10 𝝈)

good control of systematics on GNN training
• Model settings: network weight initialization, batch processing sequence and 

dropout layer are randomly varied

• Domain shift: validation of independent control sample via 𝐽/𝜓

→ Σ+(𝑛𝜋+)Σ
−

(𝑝𝜋0) and 𝐽/𝜓 → Ξ−(Λ𝜋−)Ξ
+

(Λ𝜋+)

Nature Comm. 16, 681 (2025)



Results of BF for 𝜦𝒄
+ → 𝒏𝒆+𝝂
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Combing with the LQCD calculation of the Form Factors,  we 

obtain Γ 𝛬𝑐
+ → 𝑛𝑒+𝜈 = | |𝑉𝑐𝑑

2 0.405 ± 0.016 ± 0.020  ps−1,

𝑉cd = 0.208 ± 0.011exp ± 0.005LQCD ± 0.001𝜏Λ𝑐

first determination of 𝑉cd  in charmed baryon decays

Nature Comm. 16, 681 (2025)



Current status of the SL decays
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Chin. Phys. C 50, 022002 (2026)



Hadronic decays
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Absolute BFs of 𝚲𝐜
+ hadronic decays
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• A global least square fit to 12 hadronic modes

• Absolute BF of Λc
+  decays are important to validate QCD-derived models

• The precisions of the BF for the reference channel of Λc
+ → 𝑝𝐾−𝜋+:

PDG2014: δB/B~26%; BELLE2014: δB/B~5.3%; BESIII2015: δB/B~6.0%; 

• Double tag technique is applied to control systematics

arXiv:2601.01503

[Chin. Phys. C37(2013)106201]



Absolute BFs of 𝚲𝐜
+ hadronic decays
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✓ 𝐵 𝑝𝐾−𝜋+ : best precision  and compatible with Belle’s result 6.84 ± 0.24−0.27
+0.21 %; 

Average value becomes 6.65 ± 0.15 %.

✓ Improved precisions of all the modes significantly

✓ Improved precisions on the cross sections and the effective form factors

unit: % arXiv:2601.015032024



𝚲𝐜
+ two-body hadronic decay
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Λ𝑐
+ → 𝑝𝜋0

from HY Cheng

BESIII: BF<2.7×10-4

More precise comparison of the two BFs are desired to explore the interference 

of different non-factorizable diagrams and BESIII result support the theoretic 

prediction. It is predicted that 

B(𝜦𝒄
+ → 𝒏𝝅+)~3.5×B(𝜦𝒄

+ → 𝒑𝝅𝟎) [PRD 97, 074028 (2018)]

PRD95, 111102(R) (2017)



Singly Cabibbo-suppressed decays 

of 𝚲𝒄
+ → 𝒑𝝅𝟎 and 𝒏𝝅+
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First evidence of 𝚲𝒄
+ → 𝒑𝝅𝟎 

PRD109, L091101 (2024)

Observation of 𝚲𝒄
+ → 𝒏𝝅+

PRL128, 142001 (2022)

𝟑. 𝟕𝛔

𝚲𝒄
+ → 𝒑𝝅𝟎: 

• conflicts with Belle (BF <8.0 × 10−5)

• need better precision to discriminate 

different theoretical calculations

Experimental challenge

• neither ST nor DT can achieve 

sufficient signal sensitivity!

DT DT

BF = (1.56−0.58
+0.72 ± 0.20) × 10−4 BF = (6.6 ± 1.2 ± 0.4) × 10−4

ST
2.6𝛔

𝚲𝒄
+ → 𝒑𝝅𝟎



Branching fraction comparisons
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ML-boosted observation of 𝚲𝒄
+ → 𝒑𝝅𝟎
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PRD111, L051101 (2025)
Model architecture – Transformer

• Foundation of Large Language Models like GPT

• Core concept: self-attention mechanism

• Particle Transformer: arXiv:2202.03772

Δ = 𝑦𝑎 − 𝑦𝑏
2 + 𝜙𝑎 − 𝜙𝑏

2,

𝑘𝑇 = min 𝑝𝑇,𝑎 , 𝑝𝑇,𝑏 Δ,

𝑧 = min 𝑝𝑇,𝑎 , 𝑝𝑇,𝑏 /(𝑝𝑇,𝑎 + 𝑝𝑇,𝑏),

𝑚2 = 𝐸𝑎 + 𝐸𝑏
2 − 𝐩𝑎 + 𝐩𝑏

2
.

✓ A transformer model 

tailored for particle physics

✓ Inject physics-inspired 

pairwise features as “bias” 

to the self-attention block

https://arxiv.org/abs/2202.03772


ML-boosted observation of 𝚲𝒄
+ → 𝒑𝝅𝟎

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 35

DNN training

𝚲𝒄
+ → 𝒑𝝅𝟎

𝚲𝒄
+ → 𝒑𝝅𝟎

𝚲𝒄
+ → 𝒑𝜼

𝚲𝒄
+ → 𝒑𝜼

5.4σ 2.6σ 

• 20 times of background suppression with 50% of signal efficiency

• validation samples of 𝚲𝒄
+ → 𝒑𝑲𝑺𝝅𝟎 and 𝒑𝑲𝑺𝜼

PRD111, L051101 (2025)



SCS decays of 𝚲𝒄
+ → 𝒑𝝅𝟎
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• The ratio is directly measured to be
𝐵 Λ𝑐

+→𝑝𝜋0

𝐵 𝛬𝑐
+→𝑝𝜂

= 0.120 ± 0.026 ± 0.007

• We have 𝐵 Λ𝑐
+ → 𝑝𝜋0 = 1.79±0.39±0.11 ± 0.08 × 10−4 by adopting the 

average value of 𝐵 𝛬𝑐
+ → 𝑝𝜂  from BESIII and Belle.

• Agree with previous BESIII measurements and exceeds the upper limit set 

by Belle

PRD111, L051101 (2025)



ML-boosted study of 𝚲𝒄
+ → 𝒑𝜼′ 

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 37

DNN training

Take Λ𝑐
+ → 𝑝𝜔, 𝜔 → 3𝜋  as reference 

channel to control DNN systematics

𝐵 Λ𝑐
+ → 𝑝𝜂′

𝐵 𝛬𝑐
+ → 𝑝𝜔

= 0.55 ± 0.22 ± 0.05

• Single tag of Λ𝑐
+ → 𝑝𝜂′ via 𝜂′ → 𝛾𝜋+𝜋−

• Expect more huge background ➔ DNN model based on Transformer

arXiv:2602.11974



Compilation of 𝚲𝒄
+ hadronic decays
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Chin. Phys. C 50, 022002 (2026)



Status of 𝚵𝒄  and 𝛀𝒄  hadronic decays
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Chin. Phys. C 50, 022002 (2026)



Polarizations and CP
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Polarization in baryon two-body decays
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• Polarization and CP symmetry can be precisely tested in baryon weak 

decay by studying the polarization of the produced daughter particles. 

a =
2Re(S *P)

S
2

+ P
2

b =
2Im(S *P)

S
2

+ P
2

g =
S

2

- P
2

S
2

+ P
2

a 2 + b 2 +g 2 = 1

CP asymmetry: 

• For simple case of Λc
+ decaying into

1

2

+
 baryon and a 0− meson, decay 

asymmetries can be defined.

Δ𝜙 is the phase angle difference of GE and GM, 

can be explored via angular analysis of the spin-

coherent hyperon-pair weak decays

a =
2Re(S *P)

S
2

+ P
2

b =
2Im(S *P)

S
2

+ P
2

g =
S

2

- P
2

S
2

+ P
2

a 2 + b 2 +g 2 = 1



Probe transverse polarization of the 𝚲𝒄
+

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 42

arXiv:2508.11400

• Evidence of transverse polarization at 4.6 GeV 
[BESIII, PRD 100, 072004 (2019)]

• More data collected from 4.6-4.95 GeV

• Joint angular analyses of the cascade decays of 

Λ𝑐 → 𝑝𝐾𝑠 , Λ𝜋+, Σ+𝜋0 and Σ0𝜋+ and amplitude 

analysis of Λ𝑐 → 𝑝𝐾−𝜋+



Observation of transverse polarization 

of the 𝚲𝒄
+

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 43

arXiv:2508.11400

• Simultaneous fits to 23 angles of 5 

channels at 13 energy points

• Established  a new method to enhance 

the precisions of the decay 

asymmetries Λ𝑐 → 𝑝𝐾𝑠 , Λ𝜋+, Σ+𝜋0 

and Σ0𝜋+



Decay Asymmetry in 𝚲𝒄
+ → 𝚲 𝐗 

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 44

𝑃𝛬 = −0.393 ± 0.055 𝑃ഥ𝛬 = −0.288 ± 0.055

𝐵 Λ𝑐
+ → Λ X = 38.07 ± 0.38 ± 0.49 %

arXiv:2602.24089



𝚲𝒄
+ decay asymmetries

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 45

Chin. Phys. C 50, 022002 (2026)



Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 46

𝚵𝒄  decay asymmetries
Chin. Phys. C 50, 022002 (2026)



Spectroscopy

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 47



Hyperon spectroscopy in 𝜦𝒄
+ weak decays

• The Λ𝑐
+ weak decay acts as isospin filter

e.g., Oset suggests to study the Λ(1405) through Λc→πΛ(1405) and 

Λ(1405) e v, which filters isospin I=0 from contamination of the I=1
[Phys. Rev. C 92, 055204 (2015), Phys. Rev. D 93, 014021 (2016)]

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 48



Cross-channel studies

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 49

𝜦𝒄
+ → 𝚲∗𝝅+

• 𝛬𝑐
+ → 𝑝𝐾−𝜋+

• 𝛬𝑐
+ → 𝑛𝐾𝑆𝜋+

• 𝛬𝑐
+ → Σ−𝜋+𝜋+

• 𝛬𝑐
+ → 𝛴0𝜋0𝜋+

• 𝛬𝑐
+ → Σ+𝜋−𝜋+

• 𝛬𝑐
+ → Λ𝜂𝜋+

• …

𝜦𝒄
+ → 𝚺∗+𝝅𝟎

• 𝛬𝑐
+ → 𝑝𝐾𝑆𝜋0

• 𝛬𝑐
+ → Λ𝜋+𝜋0

• 𝛬𝑐
+ → Σ+𝜋0𝜋0

• 𝛬𝑐
+ → 𝛴0𝜋+𝜋0

• 𝛬𝑐
+ → Σ+𝜂𝜋0

• Ξ𝑐
+ → 𝑝𝐾𝑆𝜋0

• …

𝜦𝒄
+ → 𝚺∗𝟎𝝅+

• 𝛬𝑐
+ → Λ𝜋0𝜋+

• 𝛬𝑐
+ → Σ−𝜋+𝜋+

• 𝛬𝑐
+ → Σ+𝜋−𝜋+

• Ξ𝑐
+ → 𝑝𝐾−𝜋+

• …



Partial wave analysis of Λ𝑐
+ → Λ0𝜋+𝜂Partial wave analysis of 𝚲𝒄

+ → 𝚲𝝅+𝜼

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 50

PRL134, 021901 (2025)

• 𝛬𝑐
+ → Λ𝜋+𝜂 decay provides a good platform to study the internal 

structure of 𝑎0(980)+ whose exact nature remains elusive.

• The Λ𝜋+ mode, representing a pure I = 1 combination, excludes 

influences from Λ∗ resonances as compared to the Σ𝜋 and 𝑝𝐾 modes.

• Study of low-lying excited
1

2

−
 state, eg Σ 1380 +, can be performed, 

along with the nearby state Σ 1385 + [Wang et al, CPL 41, 101401 (2024)]

• Based on TF-PWA package: 
https://gitlab.com/jiangyi15/tf-pwa

• BDTG trained sample with about 1312 

signals with purity of about 80% 

https://gitlab.com/jiangyi15/tf-pwa
https://gitlab.com/jiangyi15/tf-pwa
https://gitlab.com/jiangyi15/tf-pwa
https://gitlab.com/jiangyi15/tf-pwa
https://gitlab.com/jiangyi15/tf-pwa


TF-PWA: Partial Wave Analysis with

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 51

• Fast

• General

• Easy to use 

• Open access https://github.com/jiangyi15/tf-pwa

• GPU based 

• Vectorized calculation 

• Automatic differentiation
Quasi-Newton Method: scipy.optimize

• Model customization support

• Simple configuration file (example provided)

• Most processing is automatic

• All necessary functions implemented

• Rich function support

https://github.com/jiangyi15/tf-pwa
https://github.com/jiangyi15/tf-pwa
https://github.com/jiangyi15/tf-pwa
https://github.com/jiangyi15/tf-pwa
https://github.com/jiangyi15/tf-pwa


TF-PWA: amplitude factorization

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 52
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𝑅

𝐴𝜆𝐴,𝜆𝐵,𝜆𝐶,𝜆𝐷

𝑅

2

෍

𝜆

𝐻𝜆𝑅𝜆𝐵
𝐷𝜆𝐴,𝜆𝑅−𝜆𝐵

𝑗𝐴⋆
𝜑1, 𝜃1, 0 𝑅 𝑀 𝐻𝜆𝐶,𝜆𝐷

𝐷𝜆𝑅,𝜆𝐶−𝜆𝐷

𝑗𝑅⋆
𝜑2, 𝜃2, 0

𝐷𝜆𝐵,𝜆𝐵′
𝑗𝐵⋆

𝛼𝐵, 𝛽𝐵, 𝛾𝐵 𝐷𝜆𝐶,𝜆𝐶′
𝑗𝐶 ⋆

𝛼𝐶 , 𝛽𝐶 , 𝛾𝐶 𝐷𝜆𝐷,𝜆𝐷′
𝑗𝐷⋆

(𝛼𝐷, 𝛽𝐷, 𝛾𝐷)

Automatically calculated from decay structure

𝐴0→1+2 = 𝐻𝜆1,𝜆2
𝐷𝜆0,𝜆1−𝜆2

𝑗0⋆
(𝜑, 𝜃, 0)

1 or 𝜌 = 1 + Ԧ𝑝 ⋅ Ԧ𝜎

𝐷𝜆1,𝜆1′
𝑗1⋆

(𝛼, 𝛽, 𝛾)

Decay

Particle

𝑅 𝑀 =
1

𝑚0
2 − 𝑀2 − 𝑖𝑚0Γ

, ⋯

Feynman rules

probability:  𝒜 2

    Decay Group: 𝒜 = ሚ𝐴1 + ሚ𝐴2 + ⋯
          Decay Chain: ሚ𝐴 = 𝐴1𝑅𝐴2 ⋯
                Decay: Wigner D-matrix, 𝐴 = 𝐻𝐷∗𝐽 𝜙, 𝜃, 0

Particle: Breit-Wigner: 𝑅(𝑚), user defined

Wigner-D matrix

user defined

alignment

𝑨
𝝀𝑨,𝝀𝑩

′ ,𝝀𝑪
′ ,𝝀𝑫

′
𝑹

• automatic factorization of amplitude, as 

combination of summation and production

• automatic differentiation in likelihood 

minimization and error propagation

• optional optimization for better performances 
• amplitude caching (eg, resonance lineshape, …)

• mixed likelihood for simultaneous fit



TF-PWA architecture

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 53

Config.yml
Amplitude 

formula

Data (4-momenta)

Inner 

representation
Fit results

(parameters) 

Cached data 

(angles) 

Plots
Uncertainties 

Toy Fit fractions Phase Space 

Samples

Other 

measurements



Baseline model of 𝚲𝒄
+ → 𝚲𝝅+𝜼

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 54

• 𝜦𝒄
+ → 𝚲𝒂𝟎(𝟗𝟖𝟎)+ firstly observed

• Decay asymmetries obtained 

based on PWA amplitudes

PRL134, 021901 (2025)



Test of 𝚺 𝟏𝟑𝟖𝟎 + in 𝚲𝒄
+ → 𝚲𝝅+𝜼

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 55

• An evidence of Σ 1380 + is found with significance larger than 3𝜎

Model A Model BBaseline model

PRL134, 021901 (2025)



Partial wave analysis of 𝚲𝒄
+ → 𝚲𝝅+𝜼

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 56

• If taking ℬ 𝑎0 980 + → 𝜋+𝜂 = 85.3 ± 1.4 %, ℬ(
)

𝛬𝑐
+ →

𝛬𝑎0 980 + = 1.23 ± 0.21 %, which differs significantly larger 

than theoretical prediction by 1-2 orders of magnitude.

• Large decay asymmetry in 𝛬𝑐
+ → 𝛬𝑎0 980 +

PRL134, 021901 (2025)



ML-boosted study of 𝚲𝒄
+ → 𝒏𝝅+𝜼 

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 57

arXiv:2603.28232• As 𝛬𝑐
+ → 𝛬𝑎0 980 + is observed with BF of (

)
1.23

± 0.21 %, it is natural to search for the SCS mode of 

𝛬𝑐
+ → 𝑛𝑎0 980 + in 𝛬𝑐

+ → 𝑛𝜋+𝜂

𝜼 → 𝜸𝜸 𝜼 → 𝟑𝝅

DNN

• However, more challenging due to the suppressed decay rate and the un-

detectable neutron➔  DT method is implemented to missing the neutron

𝒏

𝜦

𝜮𝟎

𝒏

𝜦

𝜮𝟎

• 𝛬𝑐
+ → 𝑛𝜋+𝜂 is observed 

•
𝐵 Λ𝑐

+→𝑛𝜋+𝜂

𝐵 𝛬𝑐
+→Λ𝜋+𝜂

= 0.155±0.031±0.012

• 𝑎0 980 + is not seen 



• A clean SCS mode to explore the intermediate states

• About 526 signals used to carry out the partial wave analysis based on 

TF-PWA package 

• Very clean 𝜙 component

Partial wave analysis of 𝜦𝒄
+ → 𝒑𝑲+𝑲−

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 58

arXiv:2603.08469

𝐵 𝛬𝑐
+ → 𝑝𝐾+𝐾− = 9.94 ± 0.65 ± 0.50 × 10−4

𝐵 𝛬𝑐
+ → 𝑝𝜙 = 1.21 ± 0.11 ± 0.08 ± 0.01 × 10−3



BESIII Physics White Paper

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 59

Chin. Phys. C 44, 040001 (2020)

doi:10.1088/1674-1137/44/4/040001

[arXiv:1912.05983 [hep-ex]].

Int. J. Mod. Phys. A 24, S1-794 (2009) 

[arXiv:0809.1869 [hep-ex]].

2009年: BESI I I物理黄皮书 2020年: BESI I I 物理白皮书

M. Ablikimet al, Chin. Phys. C 44 040001(2020)D. Asneret al, Int. J. Mod. Phys. A24, S1 (2009)



Planned data set

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 60

Λc
+ data 

in 2020-2021, 5.8 fb-1 is taken

[Chin. Phys. C 46, 113003 (2022)]

18 fb-1 



Upgrade BEPCII

(BEPCII-U)

Proposal of the upgrade BEPCII

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 61

An upgrade of BEPCII (BEPCII-U) has been completed in 2025
✓ Improve luminosity by 3 times higher than current BEPCII at 4.7 GeV

✓ Extend the maximum energy to 5.6 GeV

1490 ➔ 600 days

Capable of finishing the 

proposed luminosity of 

𝛬𝑐
+ data in shorter time



Heavier charmed baryons

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 62

• Energy thresholds 
✓  𝑒+𝑒− → Λ𝑐

+ തΣ𝑐
− 4.74 GeV

✓  𝑒+𝑒− → Λ𝑐
+ തΣ𝑐 𝜋 4.88 GeV

✓  𝑒+𝑒− → Σ𝑐
തΣ𝑐  4.91 GeV 

✓  𝑒+𝑒− → Ξ𝑐
തΞ𝑐  4.94 GeV

✓ 𝑒+𝑒− → Ω𝑐
0 ഥΩ𝑐

0 5.40 GeV

• Cover all the ground-state charmed 

baryons: studies on their production & 

decays, CPV search, to help developing 

more reliable QCD-derived models in 

charm sector

• Studies on the production and decays of 

excited charmed baryons

𝚲𝒄
+ഥ𝚲𝒄

−

𝚺𝒄
ഥ𝚺𝒄

𝚵𝒄
ഥ𝚵𝒄 𝜴𝒄

𝟎 ഥ𝜴𝒄
𝟎 



𝚲𝒄
+ data taking with BEPCII-U

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 63

• Began a new round of Λ𝑐
+ data taking at 4.68 GeV on Feb.27 2026

• Very smooth data taking

• Integrated luminosity: 0.85 fb−1

• The highest daily integrated luminosity reached 36 pb−1 

(~7k Λ𝑐
+ഥΛ𝑐

− pairs)



Summary

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 64

◆ In recent years, experimental activities on charmed 

baryons are reviving, esp. at BESIII

◆ Threshold data at BESIII opens a new door to direct 

measurements of the decays ➔comprehensive and 

systematic studies of charmed baryon decays
✓ BESIII has published several world-leading results based 

on ~80 M Λ𝑐
+ samples

✓ Additional >160 M Λ𝑐
+ samples are collecting now

✓ More efforts on hadronic decays with 𝑛/𝛴/𝛯 particles & 
semi-leptonic decays

◆ Opportunity in other charmed baryons: 
Plan to take data up to 5.6 GeV to cover all the ground-state 

charmed baryons



Backup

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 65



c

u
d

sc

→ Strange baryons (uds)

mu, md ≈ ms→ (qqq)  uniform

→ Charmed baryon (c[udc])

mu, md << mc→ diquark + quark

(qq)           (Q)

→ Charmed meson (D+[cതd])

md << mc→ quark + heavy quark

(q)               (Q)

➔ diquark correlation is enhanced by weak Color Magnetic Interaction with a 

heavy quark.

a heavy quark (c) with an unexcited spin-zero diquark (u-d)

Quark model picture 

In some sense, more reliable prediction of heavy-light quark 
transition without dealing with light degrees of freedom that 
have net spin or isospin.

𝜦𝒄
+ may provide complementary powerful test on 

internal dynamics to D/Ds does 

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 66



The 𝜦𝒄
+ decays 

Since 1980's, the Λc
+ have been produced and studied at many experiments, 

notably fixed-target experiments (such as FOCUS and SELEX) and e+e- B-

factories (ARGUS, CLEO, BABAR, and BELLE).

PDG2014 • Before 2014, absolute branching 
fractions (BF) of Λ𝑐

+ decays are still 
not well determined
➔ BFs of all measured decay modes are 

measured relative to Λ𝑐
+→ 𝑝𝐾−𝜋+

• No completely model-independent 
measurements of 𝐵(Λ𝑐

+ → 𝑝𝐾−𝜋+): 
uncertainties of BFs of 𝛬𝑐

+ decays are 
25%~40% in PDG2014

• The sum of measured BFs is only 

about 60%. Many missing channels, 
esp., those leptonic or neutron-
involved decays

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 67



Semi-Leptonic mode

ST mode

Production near threshold and tag 

technique

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 68

• Typically, two ways to study 𝚲𝐜
+ decays:

• Single Tag (ST): detect only one of the 𝜦𝒄
+𝜦𝒄

−

✓ Relative higher backgrounds

✓ Higher efficiencies

✓ Full reconstruction

• Double Tag (DT):  detect both of 𝜦𝒄
+𝜦𝒄

− 

✓ Clean backgrounds

✓ Missing mass technique: missing-mass technique: 

KL/neutron, neutrino, …

✓ Lower efficiencies

✓ Systematic in tag side are mostly cancelled

• Ecms-2m𝚲c=26 MeV only!

• 𝚲𝐜
+𝚲𝐜

− produced in pairs with no additional accompany hadrons.

• e+e-→γ*→ 𝚲𝐜
+𝚲𝐜

−

• Clean backgrounds and well constrained kinematics.

Ecms=4600MeV



Charmed Baryons

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 69



Angular dependence analysis of  e+e-→ 𝜦𝒄
+𝜦𝒄

− 

near threshold PRL 120, 132001 (2018)

⚫ One of the most basic observables that intimately related to the internal 

structure of the nucleon. 

⚫ One of the most challenging questions in contemporary physics is why and 

how quarks are confined into hadrons. 

⚫ The electromagnetic form factors (EMFFs) have been a powerful tool in 

understanding the structure of nucleons. 

⚫ First measurements of the EMFFs of the 𝛬𝑐
+

4575 MeV 4600 MeV

combined data

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 70



Important Input for b physics

• stringent Fragmentation Function of b/c quark to baryon

– [Eur. Phys. J. C12, 225 (2000); Eur. Phys. J. C 16, 597 (2000); Phys. Rev. D 85, 032008 (2012), 

Phys. Rev.D 66, 091101 (2002).]

– Fragmentation Function (FF) is an important probe in experiment to test and calibrate QCD theory.

PhysRevD.85.032008

⚫ Now B(𝒑𝑲−𝝅+) are still dominated  (6%)

⚫ 20x data=> small than 2%

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 71



First Measurements of absolute BFs 

for Ξ𝑐

• Large errors

• Belle II will improve these to ~10%

• BESIII has potential to improve these to be <5% 

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 72



c decay asymmetries

sin 𝚫𝟎=−0.28 ± 0.13 ± 0.03

4(6)-fold angular analysis of the cascade decays 

of Λ𝑐 → 𝑝𝐾𝑠, Λ𝜋+, Σ+𝜋0 and Σ0𝜋+

• Best precisions on the hadronic weak decay asymmetries

• The transverse polarization is firstly studied and found to be non-

zero with 2.1𝝈

PRD 100, 072004 (2019)

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 73



Test FSI model of 𝒂𝟎 𝟗𝟖𝟎 + and 𝚲(𝟏𝟔𝟕𝟎)

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 74

Large interference between 𝑎0 980 + FSI  with NR



ML-boosted observation of 𝚲𝒄
+ → 𝒑𝝅𝟎

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 75

• Use Deep Neural Network (DNN) to identify 𝚲𝒄
+ → 𝒑𝝅𝟎 ഥ𝚲𝒄

−(→ 𝒂𝒏𝒚𝒕𝒉𝒊𝒏𝒈)
after ST selections
✓ Form point clouds with all recorded tracks & showers

✓ Train Transformer model with MC samples covering all ഥΛ𝑐
− final states

✓ Randomly shuffle signal & background MC samples with equal statistics

• Take Λ𝑐
+ → 𝑝𝜂, 𝜂 → 𝛾𝛾 as reference channel

• Data augmentation
✓ train Λ𝑐

+ → 𝑝𝜋0 and Λ𝑐
+ → 𝑝𝜂 in one 

uniform model

✓ maximum systematic cancellation

• Mass decorrelation to ease the model 

decoration on the signal discriminator
✓ an iterative method is implemented on 

beam-constrained mass in background 

events in loss function

PRD111, L051101 (2025)



Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 76



Comparison of 𝚺∗+ helicity angles

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 77

Model A Model BBaseline model

Kinematic region:

𝑀Λ𝜋+ > 1.44 GeV/c2

𝑀Λ𝜂 > 1.72 GeV/c2

Better description of 𝚺∗+ helicity 

angle distribution with inclusion 

of 𝚺(1380) 

PRL134, 021901 (2025)



Observation of 𝐞+𝐞− → 𝚲𝐜
+ഥ𝚲𝐜 𝟐𝟓𝟗𝟓 − 

and 𝚲𝐜
+ ഥ𝚲𝐜 𝟐𝟔𝟐𝟓 −  

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 78

Datasets of 208/pb at 4.92 GeV and 159/pb at 4.95 GeV

PRD 109, L071104 (2024)



Yet-to-be-Explored 𝚵𝒄
+,𝟎

/ 𝛀𝒄
𝟎 Decays

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 79

𝛀𝒄
𝟎 PDG2023𝚵𝒄

+ PDG2023

• We (will) have precise 𝛬𝑐
+ data after BESIII efforts

• However, Ξ𝑐
+,0

/ Ω𝑐
0 has insufficient data

• A new territory for BESIII!



Future opportunity at LHCb and Belle II

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 80

• RUN1&2: 9 fb−1

• RUN3&4: 50 fb−1

➔ x10 more statistics

• Belle: 1 ab−1

• Belle II:  >0.55 ab−1

• Future Belle II: 50 ab−1



Competition from Belle & Belle II

Belle, PRL113, 042002 (2014)
Signal tags: 
36447±432
@ 978/fb

• Belle tags ~36K Λ𝑐
+, while BESIII now tags 15K Λ𝑐

+ (567/pb@4.6GeV)

• By middle of 2019, BELLEII will have 5/ab data, 5x of BELLE data;

➔ 180K tagged Λ𝑐
+;

• We will have 150K tagged Λ𝑐
+, however, BESIII is very clean

• Many precise measurements at BESIII will reach to the level of systematic 

dominated

➔ BESIII has advantages on backgrounds and systematics

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 81



World campaign on the 𝚲𝐜
+

BESIII Belle(-II) LHCb

Λc
+ total yields ⭑⭑⭑ ⭑⭑⭑⭑ ⭑⭑⭑⭑⭑

S/B ratio ⭑⭑⭑⭑⭑ ⭑⭑ ⭑⭑

Systematic error ⭑⭑⭑⭑⭑ ⭑⭑⭑ ⭑⭑

Systematic research ⭑⭑⭑⭑⭑ ⭑⭑⭑ ⭑

Semi-leptonic mode ⭑⭑⭑⭑⭑ ⭑⭑⭑ ⭑

n/KL-involved mode ⭑⭑⭑⭑⭑ ⭑⭑ ✩

Photon final state ⭑⭑⭑⭑⭑ ⭑⭑⭑⭑ ✩

Absolute measurement ⭑⭑⭑⭑⭑ ⭑⭑⭑ ✩

• The threshold data at BESIII have systematic advantage 

over Belle(-II) and LHCb in the Λc
+ studies.

• This proposal holds an optimal time window to maximize 

the visibility of BESIII physics.

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 82



Phys. Rev. D 98, 112006 (2018)
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Improved 𝚲𝒄
+ decay asymmetries

Xiao-Rui LYU IOPP Colloquium, CCNU, 2026 84
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𝚲𝒄
+ decay asymmetries
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Strong phase convention in 

baryon decays
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