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粒⼦物理重⼤科学前沿问题
• 标准模型的Higgs粒⼦反映什么样的相互

作用, 是否有超出标准模型的新物理？

• 暗物质

• 暗能量

• 中微⼦的属性

• 引⼒量⼦化

• 宇宙起源及铁以上重元素的形成

• 宇宙线粒⼦给我们带来的信息

• 极端条件下的物质形态及奇异物质

• 宇宙中正反物质不对称

• 万有引⼒与弱电及强相互作用的统⼀
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BESIII 
detector

LINAC

2020: energy upgrade to 2.45 GeV
& top-up mode

2004: started BEPCII upgrade,
BESIII construction

2008: test run
2009 - now: BESIII physics run   

Beijing Electron Positron Collider (BEPCII)

beam energy: 1.0 – 2.3(2.45) GeV          

e+

e-

• 1989-2004  (BEPC): 
Lpeak=1.0x1031 /cm2s 

• 2009-now (BEPCII):   
Lpeak= 1.0 x1033/cm2(4/5/2016)强子物理与有效场论前沿讲习班，郑州 4吕晓睿



研究强⼦的结构，回答自然界中是否存
在超出夸克模型的新型强⼦这⼀基本问题。

BEPC/BES关键科学问题

精确检验弱电统⼀理论，精确检验量
⼦⾊动⼒学理论，寻找超出标准模型的
新物理。

物质的基本结构和物质间的相互作用
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BESIII data sample

in total ~55/fb

吕晓睿
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Physics at tau-charm Energy Region

强子物理与有效场论前沿讲习班，郑州
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Unique data sets near thresholds 
e+e- symmetric collision: 
energy scan data sets at open 
charm thresholds 

Ø Meson and Baryon pair-productions near thresholds:  
form-factors in the time-like production, precision branching fractions,  relative phase;  

Ø Quantum-entangled pair productions of charmed mesons

Ø Hyperon and charmed baryon spin polarization in quantum entangled productions;  

DD̄
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3.773 GeV, ~8 !b!", 𝐷$𝐷
4.008 GeV, 0.48 !b!", 𝐷#$𝐷#
4.18-4.23 GeV, 6.32 !b!", 𝐷#$𝐷#∗
4.6-4.7 GeV, 4.4 !b!", Λ%$Λ%
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BESIII
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Hadron Landscape
Hadron-physics challenges:

l Understanding of established 
states: precision spectroscopy

l Nature of exotic states:
search and spectroscopy of 
unexpected states

At BESIII, two golden measures to study 
hadron spectroscopy, esp., to search for exotics
• Light hadrons: charmonium radiative decays (act 

as spin filter) ( 10 B J/𝝍 and 2.7 B 𝝍(𝟐𝐒) )
• Heavy hadrons: direct production, radiative and 

hadronic transitions (data above 3.8 GeV) XYZ studies: about 23 /fb
data above 3.8 GeV

吕晓睿
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BESIII discoveries of new hadrons

强子物理与有效场论前沿讲习班，郑州

heavy hadrons

light hadrons

吕晓睿
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Partial wave analysis
• Amplitude analysis / Partial wave analysis (PWA) is a powerful method to 

study multi-body decay processes, e.g.
• to search for (exotic) resonances and measure their properties 
• to understand CP violation over phase space

∼ 𝑃(𝑝!
" , 𝑝#

" , 𝑝$
"; 𝜗)?

A: 𝑝%
"

B : 𝑝!
"

C : 𝑝#
"

D : 𝑝$
"

…

• Most of previous fitters are designed for special processes or are time-
consuming.

• A general PWA framework using modern acceleration technology (such as 
GPU, AD, …) is eagerly needed.

吕晓睿
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Partial wave analysis tools

• Closed source / hand coded
– Tensor formulism: most of charm decays. [𝐷! → 𝐾"#𝜋!𝜋#𝜋#: JHEP09, 077(2023)]
– Helicity formulism: [𝑒!𝑒$ → 𝜔𝜋!𝜋$: JHEP08,159(2023)]

• GPUPWA:
– First PWA tool based on GPU
– Used in many PWA of light mesons: [𝐽/𝜓 → 𝛾𝜂𝜂: PRD87, 092009(2013); 𝐽/𝜓 → 𝛾𝜂𝜂%: PRD106, 072012(2022)]

• FDC-PWA:
– Feynman Diagram Calculation
– Used in some baryon final states [𝜓% → 𝑝𝑝̅𝜂:PRD88, 032010(2013); 𝑒!𝑒$ → 𝑝𝐾$4Λ: PRL131, 151901 (2023)]

• TF-PWA:
– TensorFlow-based, configurable, GPU acceleration, AD
– as an example: [Λ&! → Λ𝜋!𝜋#:JHEP12, 033(2022)]

• Other tools:
– Amptools: [𝜒&' → 𝜂𝜋!𝜋$: PRD95,032002(2017)] 
– PAWIAN: [𝑒!𝑒$ → 𝜙𝐾!𝐾$: PRD108, 032004 (2023) ]
– ComPWA: [𝐷# → 𝐾"𝐾!𝐾$: arXiv:2006.02800]

吕晓睿

https://doi.org/10.1007/JHEP09(2023)077
https://sourceforge.net/projects/gpupwa
https://doi.org/10.1103/PhysRevD.87.092009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.072012
http://www1.ihep.ac.cn/wjx/pwa/index.html
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.032010
https://doi.org/10.1103/PhysRevLett.131.151901
https://github.com/jiangyi15/tf-pwa
https://arxiv.org/abs/2209.08464
https://github.com/mashephe/AmpTools
https://doi.org/10.1103/PhysRevD.95.032002
https://gitlab.ep1.rub.de/pwa/Pawian
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.032004
https://arxiv.org/pdf/2006.02800.pdf
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Properties and requirements of PWA tools

• Complex formula
– Avoid hard coding, automatic formula generation
– Rule-based amplitude evaluation
– Constraints in special process

• Multiple dimension.
– Study relation between many variables, e.g., masses and 

angles.
– Proper way to consider resolution
– Large size MC sample for integration to normalize the PDF.

• Large size of data (e.g.,10B 𝐽/𝜓 decays) 
– Fast calculation to reduce time cost.
– Distribute the calculation into multi devices.

Configurable

High performance 
calculation

吕晓睿
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Configuration

• Why configurable?
– Global representation for automation and transportability 
– General way to support more decays

• Different level
– No configuration:  hand coding / code templates
– Decay card like:

• key-value / command-parameters / structured 
• specify all possible decays (interactions)
• with addition simplification rules

– Auto search:
• provide a large particle database
• use rules to find all possible intermediate states
• filter with requirement.

Automatic,
Simple Controllable 

TF-PWA

ComPWA series
FDC-PWA series

AmpGen

GPUPWA
TensorFlowAnalysis

PAWIAN

balance

吕晓睿

https://github.com/jiangyi15/tf-pwa
https://github.com/ComPWA
http://www1.ihep.ac.cn/wjx/pwa/index.html
https://github.com/GooFit/AmpGen
https://sourceforge.net/projects/gpupwa
https://gitlab.cern.ch/poluekt/TensorFlowAnalysis
https://gitlab.ep1.rub.de/pwa/Pawian
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Symbolic and numerical approaches

• Symbolic approach
– require a Computer Algebra System (CAS) to simplify formulae
– write/generate code from CAS outputs
– procedure: configuration à CAS à formula à

generated code à function à amplitude
– simplifying the formula is difficult and time-consuming 

• Numerical approach
– combine function directly
– rule based evaluation
– procedure:

configuration à function call à amplitude 
– w/o simplified formula, more computation might be required
– allow caching rule to reduce computation

ComPWA series (SymPy)
FDC-PWA series (REDUCE)

AmpGen
GPUPWA

TF-PWA

TensorFlowAnalysis

Self hold
tensor library

PAWIAN

吕晓睿

https://github.com/ComPWA
http://www1.ihep.ac.cn/wjx/pwa/index.html
https://github.com/GooFit/AmpGen
https://sourceforge.net/projects/gpupwa
https://github.com/jiangyi15/tf-pwa
https://gitlab.cern.ch/poluekt/TensorFlowAnalysis
https://gitlab.ep1.rub.de/pwa/Pawian


强子物理与有效场论前沿讲习班，郑州 16

TF-PWA: Partial Wave Analysis with a

• 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

吕晓睿

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


强子物理与有效场论前沿讲习班，郑州 17

TF-PWA: amplitude factorization

!
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!
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&$⋆ (/, , 0, , 1,)

Automatically calculated from decay structure

&-→(/$ = '!',!((!),!'%!(
&)⋆ (), +, 0)

1	or			9 = 1 + ;⃗ ⋅ "⃗	

(!',!')
&'⋆ (/, 0, 1)

Decay

Particle

- . = 1
>-
$ −.$ − @>-Γ

,⋯

Feynman rules

probability:  C $

Decay Group: C = &D( + &D$ +⋯
Decay Chain: &D = &(-&$⋯

Decay: Wigner D-matrix, & = '(∗1	 E, +, 0
Particle: Breit-Wigner: -(>), user defined

Wigner-D matrix

user defined

alignment

F2*,2+, ,2-, ,2.,
3

• 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

吕晓睿
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TF-PWA architecture

TF-PWA:

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

吕晓睿
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Example fit of 𝚲𝒄" → 𝚲𝝅"𝝅𝟎

• Simultaneous fit to 7 energy points from 4.6 to 4.7 GeV
ü in total around 10k events and 854k MC
ü 38 free parameters
ü dominated by Λ!" → Λ#: 57.2 ± 4.2%
ü clear peak for Λ!" → $Σ(1385)

Λ!"

Λ

""

JHEP12, 033(2022)

all decay chains 
added automatically

settings of properties 
of particles and 
resonances

datasets

plotting

with config.params_trans() as pt:
# g1 is fixed to 1 
g2_r = pt[“L_c->Sigma1385p.pi0_g_ls_1r"]
g2_phi = pt["L_c->Sigma1385p.pi0_g_ls_1i"]
alpha = 2*g2_r*tf.cos(g2_phi) / (1+g2_r*g2_r)

print(alpha, pt.get_error(alpha))

吕晓睿
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Various outputs of the fitting results

吕晓睿
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Real analysis performance
• Optimized	method	in	Factor	System	page

– Caching	method	(in	Page	14)
• Large	time	for	caching
• required	more	memory
• limited	to	special	cases

– All	the	process	is	automatic	(from	config.yml to	all	basic	results)	

Total	fit	time Time	in	each	iterations Fit stability test

Environment:
NVIDIA RTX 3080
TensorFlow 2.2
CUDA 10.1

Fit	time	scale	to
N	iterations	=	230

Caching provide 8 times speed up 
for fit parts

Only	half	of	hours	
for	ALL	the	process

Fit	stability	looks	well	
in	random	initial	parameters			

吕晓睿
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Implement of Covariant tensor formula

• Covariant tensor formula
– Covariant orbital-spin scheme for any spin based on irreducible tensor  
– Traditional covariant tensor formula

• Include some symbolic method for automation.
• Angular distribution consist in simple cases.

– 0! → 𝑅"(1#)0!, 𝑅"(1#) → 𝑅$(1!)0!, 𝑅$(1!) → 0!0!

• Preliminary implement, working in process.

arxiv:2301.01575

Eur. Phys. J. A 16 537-547(2003) Zou, Hugg

cos𝜃! 𝜙!
𝑀(𝑅")

Fluctuations due to MC sample 
size

吕晓睿
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Light hadron spectroscopy

!/#, 	%, ', …

BESIII, LHCb, Belle (II) …

GlueX, Compass, …

吕晓睿
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𝑋(2600) in 𝑱/𝝍 → 𝜸𝝅#𝝅$𝜼′
PRL129, 042001 (2022)

𝒇𝟎(𝟐𝟒𝟖𝟎) in 𝑱/𝝍 → 𝜸𝜼′𝜼′
PRD105, 072002 (2022)

𝒂𝟎(𝟏𝟖𝟏𝟕) in 𝑫𝒔# → 𝑲𝑺𝑲#𝝅𝟎

PRL129, 182001 (2022)

𝑿 𝟐𝟑𝟓𝟔 → 𝚲Y𝚲 in 𝒆#𝒆$ → 𝜼𝚲Y𝚲
PRD 107, 112001 (2023) 

PRD 105, 032005 (2022)

𝝎(𝟐𝟐𝟓𝟎) in 𝒆#𝒆$ → 𝝎𝝅𝟎𝝅𝟎
PRD104, 052006 (2021)

𝑿 𝟐𝟐𝟔𝟐 → 𝚲Y𝚲 in 𝒆#𝒆$ → 𝝓𝚲Y𝚲

吕晓睿



Are they the same state?  It is crucial to understand their connections.
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J/ψàγKsKsη

1.31B

J/ψàγη'π+π-

X(𝒑"𝒑)/X(18??) from J/ψ radiative decays

J/ψàγωφ

225M

J/ψàγ!!"

225M

J/y®g3(π+π-) J/ψàωηπ+π-

225M

225M

PRL117,	042002	(2016)	

J/ψ→γ𝛈8𝛑9𝛑:

225M

X(1835)

J/ψ→γγ𝝓

PRD97,	051101(R)(2018)

吕晓睿



强子物理与有效场论前沿讲习班，郑州 26

Anomolous lineshape of X(1840)
in 𝑱/𝝍 → 𝜸𝟑(𝝅)𝝅*)

10B 𝑱/𝝍 events are analyzed:
50x more than the previous BESIII work

PRL132,	151901	(2024)

PRL 117, 042002 (2016)

Flatte coherent 2BW
2𝑚%

225M

2𝑚%J/ψ→γ𝛈&𝛑#𝛑!

吕晓睿
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J/ψàγη'π+π-

The X(2120), X(2370) and X(2600)
PRL117,	042002	(2016)	J/ψ→γ𝛈8𝛑9𝛑:

1.1B J/ψ

𝑋(2120), 𝑋(2370)

225M J/ψ
10B J/ψ

PRL129,	042001	(2022)	

• Candidates of glueball states
• Combined analysis of  𝐽/𝜓 → 𝛾𝐾9𝐾:𝜂′

and 𝛾𝐾;𝐾;𝜂′

1.3B

Observation of  X(2370) → 𝐾?𝐾𝜂′
with stat. significance of 8.3𝜎

EPJC80,746(2020)

吕晓睿



28

EM Dalitz decay of 𝑱/𝝍 → 𝒆!𝒆"𝝅!𝝅"𝜼′

强子物理与有效场论前沿讲习班，郑州

PRL129, 022002(2022)

• Observation of X(1835), X(2120),
and X(2370) in EM Dalitz decays

• First measurement of the TFF
between 𝐽/𝜓 and X(1835)

𝐽/𝜓 → 𝛾𝜋#𝜋$𝜂′

吕晓睿

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.022002
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X(2370) in 𝑱/𝝍 → 𝜸𝑲𝑺𝑲𝑺𝜼′
• Partial wave analysis 𝐽/𝜓 → 𝛾𝐾H𝐾H𝜂′ in 10B 𝐽/𝜓 decays
• X(2370) → 𝐾H𝐾H𝜂′ significance larger than 14 𝜎
• mass 2395 ± 11!IJKLM MeV/𝑐L ; width 188!"NK"O

!PP
K"LJ MeV

• spin-parity is determined to be 0!K
• candidate for lightest pseudoscalar glueball predicted by LQCD

PRL 132.181901 (2024)

𝐽/𝜓 radiative decays are 
gluon-rich processes 

吕晓睿
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Observation of 𝒂𝟎 𝟏𝟖𝟏𝟕 9 in 
𝑫𝒔9 → 𝑲𝑺𝑲9𝝅𝟎

PRL129, 182001 (2022)

A new 𝒂𝟎 isospin triplet!

Observation of 𝜼𝟏(𝟏𝟖𝟓𝟓)(𝟏:9)
with exotic quantum number

PRL129, 192002 (2022)
PRD106, 072012 (2022)

PWA of 𝐽/𝜓 → 𝛾𝜂𝜂′ in 10B 𝐽/𝜓 events

Must be exotic state!
Hybrid? Molecule? Tetraquark?

吕晓睿
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PWA of 𝑱/𝝍 → 𝜸𝜼′𝜼′

强子物理与有效场论前沿讲习班，郑州

PRD105, 072002 (2022)

• new state f0(2480) firstly observed

• new decay modes for f0(2020), f0(2330), and f0(2340)

• f0(2020) a scalar glueball?

吕晓睿
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PWA of 𝑱/𝝍 → 𝜸𝑲𝑺𝑲𝑺𝝅𝟎
JHEP03, 121 (2023)• To explore the nature of 𝜂 1405 and 𝜂 1475 :

radial ex-citations of the η and η′? non-qNq exotic state?
• A clean channel with negligible background

In MI-PWA, large flat 0-+

components between 1.4-1.5 GeV
• Resonance parameters of

the involved pseudoscalar,
axial vector, and tensor
states

• Data can be used for further
investigations of the
properties of the 𝜂 1405
and 𝜂 1475 mesons吕晓睿
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Strangeonium [𝒔"𝒔] spectroscopy

强子物理与有效场论前沿讲习班，郑州

Chinese Phys. C 45 023116 (2021)

吕晓睿



Studies on the 𝜙(2170)/Y(2175)
• A strangenium(-like) state: Y-particle with strange quark

强子物理与有效场论前沿讲习班，郑州 34吕晓睿



More results on the 𝜙(2170)/Y(2175)

PRD102, 012008 (2020)
PRD104,032007 (2021)

强子物理与有效场论前沿讲习班，郑州 35

arXiv:2112.13219

PRD100, 032009 (2019)
PRD99, 032001(2019)

PRD104, 092014 (2021)

PRL124, 112001 (2020)

PLB813, 136059 (2021) JHEP 01, 180(2024)

𝝓(2170)/Y(2175) is still a mystery
吕晓睿
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New axial-Vector strangeonia

𝑱𝑷𝑪 = 𝟏!!
𝑱𝑷𝑪 = 𝟏#!

Based on 10B 𝐽/𝜓 events,
a PWA fit to 𝐽/𝜓 → 𝜙𝜂𝜋R

PRD110, 112014 (2024)

observations!

• ℎ3 1900 : candidate for ℎ3 2𝑃 strangeonium state
• X(2000): candidate for 𝜙 3𝑆 or for 𝜙 3𝐷 strangeonium state
• ℎ3 2300 : mass lower than the predicted mass of ℎ3 3𝑃 . Full

strange [𝒔,𝒔𝒔,𝒔] tetraquark candidate?

Based on 2.7B 𝜓(3686) events, a
PWA fit to 𝜓(3686) → 𝜙𝜂𝜂′

PRL134, 191901 (2025)

observations!

吕晓睿



强子物理与有效场论前沿讲习班，郑州 37

The 𝑿 𝟐𝟑𝟓𝟔 → 𝚲:𝚲 in 𝒆#𝒆! → 𝜼𝚲:𝚲
PRD 107, 112001 (2023) 

• Clear enhancement is seen near the Λ)Λ
mass threshold combining 31 datasets 

• Simultaneous 1D fit to the Λ)Λ mass 
spectra assuming a 1!! state:
mass: 2536 ± 7 ± 15 MeV/c$
width: 304 ± 28 ± 54 MeV

hexaquark? baryonium?

The X(2085) in 𝒆9𝒆: → 𝒑𝑲:?𝜦

• 𝒑?𝚲 resonance parameters and spin-parity:
Ø pole mass: (2086±4±6) MeV/c2
Ø pole width: (56±5±16) MeV
Ø favor 1#

• no corresponding excited kaon candidates in
experiment or in quark model prediction

• could be an exotic state

>20σ

arXiv:2303.01989

吕晓睿
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The isovector states

强子物理与有效场论前沿讲习班，郑州

𝑒9𝑒: → 𝜔𝜋@
PRD 103, 072007 (2021)PLB 813, 136059 (2021)

• a structure Y(2040) with stat.
significance >10𝜎
𝑀 = 2034 ± 14 ± 9 MeV/𝑐$
Γ = 234 ± 30 ± 25 MeV

• close to the isovector state
𝜌(2000) or 𝜌(2150)

𝑒9𝑒: → 𝜂′𝜋9𝜋:

• a structure around 2.1 GeV:
stat. significance >6.3𝜎
𝑀 = 2111 ± 43 ± 25 MeV/𝑐$
Γ = 135 ± 34 ± 30 MeV

• consistent with the
Y(2040) in 𝑒9𝑒: → 𝜔𝜋@

吕晓睿



39

(类)粲偶素谱学

强子物理与有效场论前沿讲习班，郑州吕晓睿



Overpopulated observed new charmonium-like states, i.e. “XYZ”:
• Most of them are close to the mass thresholds of charmed meson pairs
• Some are not accommodated as conventional meson

==> candidate of exotic hadron states
• More efforts are needed to pin down their nature

Overpopulated charmonium spectrum 

强子物理与有效场论前沿讲习班，郑州 40

BEPCII energy
arXiv:1511.01589, arXiv:1812.10947Charmonium-like [𝒄N𝒄] spectrum from F-K. Guo

吕晓睿
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The X states
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The X(3872) state

强子物理与有效场论前沿讲习班，郑州

•Clear ISR 𝜓(3686) signal for data validation 
•X(3872) signal at around 4.23-4.26 GeV

PRL112, 092001 (2014)• Discovered in 𝑩 → 𝑲𝝅𝝅𝑱/𝝍 at Belle
• The first XYZ states

𝒆9𝒆: → 𝜸𝑿(𝟑𝟖𝟕𝟐) [BESIII] 

吕晓睿



What have we learnt about 𝑿(𝟑𝟖𝟕𝟐)
• 𝑋(3872) nature is still uncertain, although 

many studies are performed since 2003
– JPC = 1++

– Mass = 3871.69 ± 0.17 MeV 
– Width < 1.2 MeV @90% CL 
𝜹𝑬 = (𝒎𝑫∗𝟎+𝒎𝑫𝟎) −𝒎𝑿(𝟑𝟖𝟕𝟐) = 𝟎. 𝟎𝟏 ± 𝟎. 𝟐𝟎 MeV

• Production
– In 𝑒K𝑒! collision, see strong connection of 

Y(4260) resonance decays
[BESIII, PRL 112. 092001 (2014); 122, 202001 (2019)]

– In b-hadron decays: B, Bs, Lb, …
– Prompt production in 𝑝𝑝/𝑝𝑝̅ and heavy ion 

collision
• What is it?

– Loosely 𝑫𝟎?𝑫𝟎∗ bound state?
– Mixture of 𝝌𝒄𝟏(𝟐𝑷) and 𝑫𝟎?𝑫𝟎∗?

• Important to fully explore its production and 
decay properties

强子物理与有效场论前沿讲习班，郑州 43吕晓睿
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More X(3872) decay information

强子物理与有效场论前沿讲习班，郑州

• Observation of X(3872) à𝜋0𝜒𝑐1

BESIII, PRL122, 202001 (2019)

5.2s

• Transition of 𝑋 3872 → 𝛾J/ψ, 𝛾ψ(2S)

3.5σ

g J/yg y(2S)

R=BF(- ./0$ →2y($4))
BF(- ./0$ →2J/y) <0.59 at 90% C.L. , agrees 

with Belle(<2.1), while challenges Babar(3.4±1.1) 
and LHCb results (2.46± 0.70) 

!!!"∗!

!!!"∗!

• Observation of X(3872) à𝐷@?𝐷∗@
7.4σ

• Observation of X(3872) ®wJ/y
BESIII, PRL 122, 232002 (2019)

5.7!
3.1!

3.4!

5.1!
6.9!

BESIII, PRL 124, 242001 (2020)

BESIII, PRL 124, 242001 (2020)

吕晓睿
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A new X(3872) production 
process 𝒆!𝒆" → 𝝎𝑿(𝟑𝟖𝟕𝟐)

强子物理与有效场论前沿讲习班，郑州

BESIII, PRL122, 202001 (2019)

9.0 fb-1

16 sX(3872)

Radiative production in e+e-®g X(3872)
PRL130, 151904 (2023)

7.5s
24.0 ± 5.3

a new X(3872) production process 𝑒9𝑒: → 𝜔𝑋(3872) is observed for the first time

吕晓睿
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e+e-®p+p-X(3823)®p+p-gcc1

4.23 GeV 4.26 GeV 4.36 GeV

4.60 GeV Sum4.42 GeV

Phys. Rev. Lett. 91, 112015 (2015)

gcc1 gcc2

Fit: M=3821.7±1.3±0.7 MeV; 
Significance: 6.7s, observation! 

• Whether from Y(4360) or 𝜓(4415) decay

• Favor the Y(4360) ? [M. B. Voloshin, PRD 
91, 114029 (2015)]

• Y(4360)àp+p-X(3823)? New decay model 
of Y(4360)?

强子物理与有效场论前沿讲习班，郑州吕晓睿
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Cross sections of 𝒆4𝒆5 → 𝝅4𝝅5𝝍(𝟑𝟖𝟐𝟑)

强子物理与有效场论前沿讲习班，郑州

PRL129, 102003 (2022)first observation of vector Y states
decaying to D-wave charmonium state 

0.33 ± 0.12(< 0.51))

• R1 and R2 consistent with Y(4360) and Y(4660)
• BESIII also observes 𝑒#𝑒! → 𝜋6𝜋6𝜓 3823

[JHEP02, 171 (2023)], consistent with isospin symmetry

吕晓睿
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The Z states
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e+e- àπ+π-J/𝜓 at 4.26GeV
PRL110, 252001 (2013)
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Zc+(3900) discovered

Mass = (3899.0±3.6±4.9) MeV  
Width = (46±10±20) MeV

from APS/Alan Stonebraker

307±48events

PRL110, 252001 (2013)
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Confirmations from other experiments

Belle with ISR: PRL110, 252002 (2013)

Mass = (3894.5±6.6±4.5) MeV  
Width = (63±24±26) MeV

159±49events

>5.2σ

CLEOc data at 4.17 GeV: PLB 727, 366 (2013)

Mass = (3885±5±1) MeV  
Width = (34±12±4) MeV

81±20events

6.1σ
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Nature of the exotic Zc+(3900) 
➢ Its mass lies close to the threshold of 

m(D)+m(D*)
DD* molecule? tetraquark?

➢ Other decay mode of the Zc(3900)?
➢ Partner(s) of the Zc?

Evidence for neutral isospin partner! [T. Xiao et al., PLB 727, 366 (2013)]

and other scenarios:

• Cusp?
• Threshold effect?
• ...

强子物理与有效场论前沿讲习班，郑州 52吕晓睿



e+e- àπ-Z+
c(3885)àπ-(DD*)+ at 4.26GeV

PRL110, 252001 (2013)

Angular 
distribution favors 
1+ and disfavors 1-

or 0-

If Zc(3885) is Zc(3900):

similar for the iso-spin partner mode

强子物理与有效场论前沿讲习班，郑州 53吕晓睿



Structures in e+e- àπ+π-hc(1P)
PRL111, 242001 (2013)

Reflection and possible Zc(3900) signal

强子物理与有效场论前沿讲习班，郑州 54吕晓睿



e+e- àπ-Z+c(4025)àπ-(D*D*)+

PRL113, 132001 (2014)
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Measurement of the Z+c(4025)
assume it as a particle, 
Zc(4025), and fit to the π− recoil 
mass distribution 

resonance parameter:

401±47 Zc(4025) events

>10σ

Zc(4020)=Zc(4025)?
Coupling to D*D* is much larger than to π-hc if they are the same state

强子物理与有效场论前沿讲习班，郑州 56吕晓睿



Search for  Zc(4020)0 in 
e!e" → π#π#hc

M = (4023.6±𝟐. 𝟐 ± 𝟑. 𝟗) MeV/c2
Width fixed to the Zc(4020)+

Isospin triplet is established: & Zc(4020)±/0Zc(3900)±/0

Search for  Zc(3900)0 in 
e!e" → π#π#J/𝜓

M = 3894.8±2.3±3.2 MeV/c2
G = 29.6±8.2±8.2 MeV 

PRL 115, 112003 (2015) PRL113, 212002 (2014)
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Search for  Zc(4025)0 in 
e!e" → π#(𝐷∗+D∗)#

D+→K-π+π+

D0→K-π+, K-π+π0, K-π-π+π+

7.4σ

mpole = (4025.5!𝟒.𝟕
K𝟐,𝟎±3.1) MeV/c2

Γpole = (23.0±6.0±1.0) MeV

Isospin triplet is established: & Zc(4025)±/0Zc(3885)±/0

PRL115, 182002 (2015)

Search for  Zc(3885)0 in 
e!e" → π#(D+D∗)#

PRL 115, 222002 (2015)

𝒆#𝒆! → 𝑫#𝑫∗!𝝅𝟎 → 𝑫#)𝑫𝟎𝝅!𝝅𝟎

D+→K-π+π+, K-π+π+π0, Ksπ+, 
Ksπ+π0, Ksπ+π+π-

D0→K-π+, K-π+π0, K-π-π+π+

mpole = (3885.7$𝟓.𝟕
#𝟒.𝟑±8.4) MeV/c2

Γpole = (35$𝟏𝟐#𝟏𝟏±15) MeV

强子物理与有效场论前沿讲习班，郑州 58吕晓睿



e+e-à(DD*)+p-+c.c. ( DT method )
PRL 112, 022001 (2014) 

Single π+D0 tag
@ 4.26 GeV 

Single π-D+ tag
@ 4.26 GeV 

Single tag
M=3883.9±1.5±4.2 MeV
G=24.8±3.3±11.0 MeV
JP=1+

Double tag
M=3881.7±1.6±2.1 MeV
G=26.6±2.0±2.3 MeV
JP=1+

Double tag @ 4.23 
GeV

Double tag @ 4.26 GeV

PRD92,092006 (2015)
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Search for light hadron decays of Zc in
e+e− → πZc(3900) → π(ωπ)
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The Zc Family at BESIII

强子物理与有效场论前沿讲习班，郑州 61吕晓睿



Charged Zc’s found at BESIII

强子物理与有效场论前沿讲习班，郑州 62吕晓睿



强子物理与有效场论前沿讲习班，郑州 63

The Zc Family

Which is the nature of these states? 
If exists, there should be SU(3)
counter-part Zcs state with strangeness

Zc(3885)+ Zc(3885)0

Zc(3900)+ Zc(3900)0

Zc(4025)+ Zc(4025)0

Zc(4020)+ Zc(4020)0

!!!" → ##(%∗%&∗)#!!!" → ##(%∗%& )#

PRL 110, 252001 (2013) 

PRL 115, 222002 (2015) PRL115, 182002 (2015)PRL 112, 132001 (2014)ST: PRL 112, 022001(2014)
DT: PRD92, 092006 (2015)

PRL 115, 112003 (2015) PRL 111, 242001(2013) PRL113,212002 (2014)
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Observation of the 𝑍𝑐𝑠 3985 ±

• 3.7fb-1 data accumulated at 4.628-4.698 GeV
• Partial reconstruction of 𝑲! 𝐚𝐧𝐝 𝑫𝒔#
• Signature in the recoil mass spectrum of 𝑲!𝑫𝒔# to 

identify the process of 𝑒!𝑒# → 𝐾!(𝐷$#𝐷∗& + 𝐷$∗#𝐷&)

PRL126, 102001 (2021)

!!!" → #!$#"$∗%

!!"#
!∗"

!#$

"%

!#!$ → ##$%∗$$'

!!"

(&'$
!#

!!∗"

"%

##(%)
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Observation of the 𝒁𝒄𝒔 𝟑𝟗𝟖𝟓 ±

• Assume the structure as a 𝐷$#𝐷∗&/𝐷$∗#𝐷&
resonance, denoting it as the 𝑍'$ 3985 #.

• A fit of J(=1! S-wave Breit-Wigner with 
mass dependent width returns: 

𝒎 = 3985.2!$.6#$." ± 1.7 MeV/c$
𝜞 = 13.8!:.$#/." ± 4.9 MeV

• Global significance: >5.3 𝝈

First candidate of the hidden-charm tetraquark with strangeness

PRL126, 102001 (2021)
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The Zcs (3985)± and Zc(3885)±

𝑍&: 3985 ± 𝑍& 3900 ± 𝑍& 3885 ±

Mass (MeV/c<) 3985.2$<.#!<.' ± 1.7 3899.0±3.6±4.9 3883.9±1.5±4.2

Width (MeV) 13.8$>.<!?.' ± 4.9 46±10±26 24.8±3.3±11.0

𝜎@ABC ⋅ 𝔅 (pb) 4.4$#.?!#.D ± 1.4 13.5±2.1±4.8 83.5±6.6±22.0

525/pb data	@4.26	GeV
1643/pb	data	
@4.681	GeV

SU(3) partner of Zc(3900)?

from Marek Karliner in Nov. 2020

Zcs: 3985.2MeV

9.2MeV 10MeV

𝐷:∗$𝐷# 3977.0MeV
𝐷:$𝐷∗# 3975.2MeV

吕晓睿
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Evidence for the neutral 𝒁𝒄𝒔 𝟑𝟗𝟖𝟓 𝟎

强子物理与有效场论前沿讲习班，郑州

arXiv 2204.13703, accepted by PRL3.7fb-1 data accumulated at 4.628-4.698 GeV
Partial reconstruction

吕晓睿
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Evidence for the neutral 𝒁𝒄𝒔 𝟑𝟗𝟖𝟓 𝟎

强子物理与有效场论前沿讲习班，郑州

arXiv 2204.13703 accepted by PRL

4.6𝝈

• Mass and width consistent with the charged
Zcs: m(Zcs+)<m(Zcs0)

• Cross sections are consistent under isospin
symmetry

è they are isospin partners

吕晓睿
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Discussions on the nature of 𝒁𝒄𝒔 𝟑𝟗𝟖𝟓

• Various interpretations are possible for the structure
– Tetraquark state
– Molecule
– 𝐷!"∗ (2573)$𝐷!∗% threshold kinematic effects
– (Re-scattering , Reflection, Triangle singularity)
– Mixture of molecular and tetraquark
– …

𝒁𝒄𝒔 𝟑𝟗𝟖𝟓 from 𝒆!𝒆# annihilations and
𝒁𝒄𝒔 𝟒𝟎𝟎𝟎 from B decays
• their masses are close, but widths are
different

• If they are same, why width so different?
• If they are not same, is there the
corresponding wide Zc(3900)?

• Looking for more channels will be useful

PRL126, 102001 (2021)

PRL127, 082001(2021)

PRL 129, 112003 (2022)

𝑩# → 𝑱/𝝍𝝓𝑲#

吕晓睿
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Search for the charged 𝒁𝒄𝒔&

强子物理与有效场论前沿讲习班，郑州

signal channel: 𝒆$𝒆% → 𝑲$𝑫∗𝟎𝑫𝒔∗%

4124.1MeV local 4.1𝜎

2.1𝝈

CPC47, 033001 (2023)

吕晓睿



The Y states

BESIII, PRL118, 092001 (2017)
BESIII, PRD 104, 052012 (2021)

• Improved knowledges from BESIII

• While not seen yet in B decays
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Cross sections of 𝑒+𝑒−→𝜋+𝜋−𝐽/𝜓
Inconsistent  with a single BW of Y(4260)

PRL118, 092001 (2017)

Structure at 4260 is not a
simple BW, but rather two:
• Significance > 7.6𝜎
• R2: consistent with the

Y(4260), however narrower
• R3: comparable to the

Y(4360)

Y(4260) è Y(4230) and Y(4320)
吕晓睿
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Cross sections of 𝑒+𝑒−→𝜋+𝜋−ℎ𝑐

Clearly different from 𝜋𝜋J/𝜓

𝞼(𝑒+𝑒−→𝜋+𝜋−ℎ𝑐)

PRL118, 092002 (2017)
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Cross sections of 𝑒+𝑒−→𝜔/𝜙𝜒𝑐J (J=0,1,2)

Phys. Rev. D 93, 011102 (2016) 

The triangle black data points are from
Phys. Rev. Lett. 114,092003(2015)

Other data points are from

>9𝝈 e+e-à wcc0:
Fit with a single BW
Mass = 4226±8±6 MeV
Width = 39±12±2 MeV 
Significance  > 9𝞼
e+e-à wcc2:
Agree with from y(4415) with
BR=(1.4±0.5)×10-3 (sol. I), or
BR=(6±1)×10-3 (sol. II)

Need data beyond 4.6 GeV to check structure in wcc1 and 𝝓𝝌𝒄𝑱

While BESIII measures 𝐞$𝐞% → 𝜙𝜒𝑐J at
4.6GeV

• 𝜎 𝑒$𝑒% → 𝜙𝜒() < 5.4 pb
• 𝜎 𝑒$𝑒% → 𝜙𝜒(* < (4.2%*.)$*., ± 0.3) pb
• 𝜎 𝑒$𝑒% → 𝜙𝜒(" < (6.7%*.,$-.. ± 0.5) pb

PRD97, 032008 (2018)
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Cross sections of 𝑒+𝑒−→𝜋𝜋𝜓(2S)

• Confirm the lineshape of the Y(4360)
• Y(4220) and Y(4390) are confirmed

𝜋$𝜋%𝜓(2𝑆)

PRD96, 032004 (2017)

PRD97, 052001 (2018)

𝜋)𝜋)𝜓(2𝑆)
吕晓睿
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𝑒'𝑒( → 𝜋'𝐷)𝐷∗( cross section 
PRL 122, 102002 (2019)

Fit with two constant 
width relativistic BW 
functions

• Two enhancements are
evident

• Many 𝜓 and Y states are
adopted to fit the bumps

• The lower bump consistently
corresponds to the Y(4220)
𝑀 = 4228.6 ± 4.1 ± 5.9 MeV
Γ = 77.1 ± 6.8 ± 6.9 MeV

• The higher bump around
4.4GeV can not be described
by either single resonance of
the Y(4260), Y(4320), Y(4360)
or 𝜓(4415). Further more data
set is required to better
understand this.

• Detect 𝐷) → 𝐾%𝜋$ and bachelor 𝜋$, and
reconstruct 𝐷∗% in the missing mass spectrum

First observation of the Y(4260)
decays to open charm states

吕晓睿
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𝑒!𝑒" → 𝐾!𝐾"𝐽/𝜓
PRD 97, 071101 (2018)

• 𝜎 (𝐾𝐾𝐽/𝜓) lineshape is quite different from
𝜎 (𝜋$𝜋%𝐽/𝜓) around Y(4220)/Y(4260)

• Higher bump around 4.5GeV is clear and need
further investigation

吕晓睿
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Y(4260) è Y(4230) and new Y’s

强子物理与有效场论前沿讲习班，郑州

PRL118, 092001 (2017) PRD 102, 031101(R) (2020)

𝜼𝑱/𝝍

!("+"−→#+#−ℎ!)PRL118, 092002 (2017)

PRD 103, 032006 (2021)

Evidence for Y(4220)àhcp+p-p0

PRD 104, 052012 (2021)

confirmed Y(4220), Y(4390) and Y(4660) 

吕晓睿
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Y(4260) è Y(4230) & Y(4320)

强子物理与有效场论前沿讲习班，郑州

h1(1900)

h1(1900)

Y(42XX) Y(43XX), 𝝍 𝟒𝟒𝟏𝟓 , Y(4500) Y(46XX), Y(47XX)

PRD106,	072001	(2022)

吕晓睿
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CPC 46, 111002 (2022)
PRL131, 211902 (2023)

𝒆#𝒆! → 𝑲#𝑲!𝑱/𝝍

𝒆#𝒆! → 𝐃∗𝟎𝐃∗!𝝅#

Observations of three heavy Y(4500),
Y(4710) and Y(4790) states

PRL130, 121901 (2023) 

PRL131, 151903 (2023) 𝒆$𝒆% → 𝑫𝒔∗$𝑫𝒔∗%

Y(4710)

Y(4500)Y(4230)

Y(4500)

Y(4230)

Y(4660)

PRL 132, 161901 (2024) 𝒆$𝒆% → 𝝎𝝌𝒄𝟏

Y(4500)?

Y(4790)𝝍(4415)Y(4230)

Are they [𝒄(𝒄𝒔(𝒔] states?
吕晓睿
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The Y(4630)/Y(4660)
PRL99, 142002 (2007)

PRL101, 172001 (2008) 

PRD89, 111103 (2014)

BaBar

PRL110, 252002 (2013)

Belle

Belle

𝐵 𝑌V → 𝐷6𝐷∗!𝜋#

𝐵(𝑌V → 𝜓 2S 𝜋#𝜋!) < 10

Phys.Rev.Lett. 104 (2010) 132005

PDG

• Y(4660) baryonic coupling  ≥  10 mesonic
coupling (unexpected!)

• Another missing large mesonic decay?
Or Y(4660) is a charmed baryonium?

吕晓睿



!∗!"

82

Cross sections of charmed hadron pairs

强子物理与有效场论前沿讲习班，郑州

• Mind: Tension of cross sections near threshold 
between direct (BESIII) and ISR(Belle) methods

• BESIII negates the 𝑌 4630 reported by Belle

PRL 133, 081901 (2024)

PRL131, 191901 (2023)PRL133, 261902 (2024)

𝒆#𝒆! → 𝑫𝒔#𝑫𝒔!

𝒆#𝒆! → 𝑫:𝑫

𝒆#𝒆! → 𝚲𝐜#:𝚲𝒄
!

PRD	100,	111103(R)	(2019)
PRL	133,	171903	(2024)

PRD101,	091101(R)	(2020)
PRL	133,	171903	(2024)

Rich 𝜓/𝑌 resonances in the final
states of the charmed hadron pairs.

𝒆#𝒆! → 𝑫𝒔#𝑫𝒔𝟐∗ 𝟐𝟓𝟕𝟑 !
𝒆#𝒆! → 𝑫𝒔#𝑫𝒔𝟏 𝟐𝟓𝟑𝟔 !

吕晓睿
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Open charm cross sections

强子物理与有效场论前沿讲习班，郑州

• essential to fully understand the XYZ states
• Important input for coupled-channel analysis JHEP2022, 55 (2022)

• Good agreement with existing 
measurements, with best precisions

• Structure at 4.39 GeV in 𝐷∗𝐷∗?

PRD 106, 052012 (2022)

吕晓睿
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Improved measurement of
𝝈(𝒆!𝒆" → 𝝅!𝝅"𝒉𝒄) PRL135, 071901 (2025)

• Initially observed by CLEO-c at √s=4.17 GeV [PRL107, 041803 (2011)]
• Cross sections of 𝑒!𝑒" → 𝜋!𝜋"ℎ# obtained by BESIII at 3.9-4.6 GeV, found 

two structures [PRL118, 092002 (2017)]
• New data collected by BESIII between 4.18-4.95 GeV (27 data samples)

PRL135, 071901 (2025)

吕晓睿
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Inclusive and exclusive 𝑱/𝝍 and
𝝍(𝟑𝟔𝟖𝟔) production

强子物理与有效场论前沿讲习班，郑州

PRD111, 052007 (2025)

no evidence of hidden decays
involving the J/ψ meson

• Missing exclusive processes around 
the Y(4360) region

• Excess ~ 23% of the Y(4360)prompt
inclusive cross section

吕晓睿
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Y states in 𝒆!𝒆" → 𝝎𝝅!𝝅"

强子物理与有效场论前沿讲习班，郑州

arXiv:2303.09718

吕晓睿



Highlight: Production and decay properties of ℎJ

)-3 X) (10→c(hBr
0 1 2 3

η-π+π-K+K

0π)-K+2(K

η0π-K+K

0π0πpp

-π+π-K+K

0πpp

η)-π+π2(

pp

η-π+π (3686) dataψ448M 

(3686) dataψ2712M 

)-3 X) (10→c(hBr
0 1 2 3 4

0πγ

ηγ

'ηγ

-π+πγ

-π+πγ→(1270)
2
fγ

η-π+πγ

)-π+π2(γ

ppγ (3686) dataψ2712M 

!!

!!, #

$%: 7.4×10"#

- !!ℎ$ ~50	pb
- #ℎ$ ~10	pb

2.7Billion

!int ~15.7	1/,b

l !-wave singlet charmonium state, first observed by CLEO 
l First measurement of "[$. → &/ℎ0] by BESIII
l 2M ℎ0 particle in 2.7B $′ events, possible to explore ℎ0 decay 

mode with "*~1012; 0.7M ℎ0 particle from XYZ scan 
sample

l Decay of ℎ0: 
• pQCD prediction: ℎ! → #$$~5.5%
• pQCD and NRQCD predictions of ℎ! →light hadrons: 48% and 8%

PRL95, 102003 (2005)
PRL104, 132002 (2010)

PRD 66, 014012 (2002) PRD 65, 094024 (2002)

arXiv: 2501.15447

强子物理与有效场论前沿讲习班，郑州 87吕晓睿



Highlight: Production and decay properties of ℎJ

ℎ! sideband region

ℎ! → #$"(1270)
5.4+ 7.5+

11.8+ 6.4+

arXiv: 2501.15447

5.1+

Observation of !!radiative decays and !! → #$"(&'())

强子物理与有效场论前沿讲习班，郑州 88吕晓睿



Highlight: measurements of 𝜂J → 𝛾𝛾

• As the simplest decay of 𝜂&，𝜂& → 𝛾𝛾 serves as a benchmark for QCD calculation.
• Most measurements come from the time reversal process 𝛾𝛾(∗) → 𝜂&
• BESIII has the unique opportunity to directly measure 𝜂& → 𝛾𝛾 via 𝐽/𝜓 → 𝛾𝜂& (first 

observation) 
• The absolute branching fraction 𝑜𝑓 𝐵 𝜂& → 𝛾𝛾 𝑐𝑎𝑛 𝑏𝑒 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝜓(2S)à

𝝅𝟎ℎ𝑐（ℎ& → 𝛾𝜂&)
• Measured 𝐵(𝐽/𝜓 → 𝛾𝜂&)×𝐵(𝜂& → 𝛾𝛾) is consistent with theoretical predictions, while the 

individual 𝛤(𝜂& → 𝛾𝛾) deviates from the most recent LQCD prediction by more than 3𝜎.

PRL 134, 181901 (2025)

evidenc
e

observatio
n !

𝐽/𝜓 → 𝛾𝜂!(→ 𝛾𝛾)

𝛤(𝜂A → 𝛾𝛾) = (11.30 ± 0.56BCDC. ±0.66BEBC. ±1.14FGH.) keV

Phys. Rev. D 87 (2013) 3, 032003 arXiv: 2412.12998

most 
precise

Preliminary

ℎ! → 𝛾𝜂!(→ 𝛾𝛾)

in preparation
Precise test of LQCD: hyperfine mass splitting 

The first measurement of absolute branching fraction 
via ℎA → 𝛾𝜂A will provide a brand new reference 

强子物理与有效场论前沿讲习班，郑州 89吕晓睿
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粲强子物理
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Charm is charming
• Over-constrain the SM, probe for new physics

ü Precision CKM physics in B sector needs input from charm
• CPV and mixing 

ü The only up-type quark to form weakly decaying hadrons, 
complementary to K and B systems

• Unique to test QCD in low energy

Charm is challenging
• Intermediate mass, compared to LQCD -- not heavy, not light
• Do methods like Heavy Quark Expansion and Factorization work?
• CKM and GIM suppression can be strong – low rates

à Theory

à Large data sample

强子物理与有效场论前沿讲习班，郑州 91吕晓睿



Charm hadron decays

2.93/fb at 𝜓(3770) 0.567/fb at 4.6 GeV

4.178
GeV

!!"

!!∗$
!!$ "($%)

&$ &"
$"

'

Tag

Signal

($
("

Purely Leptonic Semi Leptonic Hadronic
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粲重子物理
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Why Λc+ is interesting
• An important intermediate particle:
– corner stone of the charmed baryon spectra
– many b-baryon decays to Λc

• Its decays reveal information of strong-
and weak-interactions in charm region,
complementary to D/Ds

94

c

u d
u

d

sc

d"

à Strange baryons (L[uds])
mu, md ≈ ms à (qqq)  uniform

à Charmed baryon (Lc[udc])
mu, md << mc à diquark + quark

(qq)           (Q)

à Charmed meson (D+[cd"])
md << mc à quark + heavy quark

(q)               (Q)

c

u d
u

d

sc

d"

à Strange baryons (L[uds])
mu, md ≈ ms à (qqq)  uniform

à Charmed baryon (Lc[udc])
mu, md << mc à diquark + quark

(qq)           (Q)

à Charmed meson (D+[cd"])
md << mc à quark + heavy quark

(q)               (Q)

3/2-

5/2+

Lc(2940)

Lc(2880)

Sc(2800)

Xc(2980)

Xc(3080)

Lc(2595)

Lc(2625)

Sc(2520)

Xc(2815)
Xc(2790)

Xc(2645)

X’c

Wc(2770)

??

吕晓睿
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Knowledge of charmed baryon decays
before 2014

𝜩𝒄$: relative to the decay of 𝜩%𝟐𝝅$

𝛀𝒄𝟎

𝚲𝒄$

吕晓睿
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In 2014, BESIII took (only!) 35 days to run at 4.6GeV
and collected ~500/pb data.

Energy(GeV) lum.(1/pb)
4.575 47.67
4.580 8.54
4.590 8.16
4.600 566.93

First time to systematically study charmed baryon at threshold!

Measurement using the threshold pair-productions via e+e- annihilations is unique: the most simple and straightforward

Near threshold production at BESIII

4.6GeV
by Giuilo

Corresponds to 0.1M Lc pairs

吕晓睿 强子物理与有效场论前沿讲习班，郑州
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Single Tag (ST) and Double Tag (DT)
method at Threshold

The absolute BF can be obtained by the ratio of DT yields to 
ST yields.

吕晓睿 强子物理与有效场论前沿讲习班，郑州

• High efficiency and clean background
• Absolute measurement with many systematics

cancel out
• Missing-mass technique: KL/neutron, neutrino, …
• Good photon resolution: Σ, Ξ, 𝜋$, …
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Physics publications on the 𝜦𝒄+
Published 17 papers 
(7 PRLs)

Very productive for the 
data set taken in 35 days!

Hadronic decay

𝜦𝒄! → 𝒑𝑲$𝝅! + 11 CF modes PRL 116, 052001 (2016)

𝜦𝒄!→pK+K-, pπ+π- PRL 117, 232002 (2016)

𝜦𝒄!→nKsπ+ PRL 118, 12001 (2017)

𝜦𝒄!→pη, pπ0 PRD 95, 111102(R) (2017)

𝜦𝒄!→ 𝜮$π+π+π0 PLB 772, 388 (2017) 

𝜦𝒄! → 𝜩𝟎(∗)𝑲! PLB 783, 200 (2018)

𝜦𝒄! → 𝜦𝜼𝝅! PRD 99, 032010 (2019)

𝜦𝒄! → 𝜮!𝜼, 𝜮!𝜼′ CPC 43, 083002 (2019)

𝜦𝒄! → BP decay asymmetries PRD 100, 072004 (2019)

𝜦𝒄! → 𝒑𝑲𝒔𝜼 PLB 817, 136327 (2021)

𝜦𝒄! spin determination PRD 103, L091101(2021)

Semi-leptonic decay

𝜦𝒄!→𝜦e+𝝂𝒆 PRL 115, 221805(2015)

𝜦𝒄!→𝜦μ+𝝂𝝁 PLB 767, 42 (2017)

Inclusive decay

𝜦𝒄!→𝜦X PRL121, 062003 (2018)

𝜦𝒄!→𝒆!X PRL 121 251801(2018) 

𝛬&!→𝐾:#X EPJC 80, 935 (2020)

Production

𝜦𝒄!𝜦𝒄$ cross section PRL 120,132001(2018)

2014：0.567 fb-1 at 4.6 GeV

吕晓睿 强子物理与有效场论前沿讲习班，郑州

• A series of precise absolute BF
measurements: hadronic, semi-
leptonic and inclusive decays

• Observation of decays into neutron
𝛬/0 → 𝑛𝐾1𝜋0, Σ2𝜋0𝜋0𝜋3

• Observation of Cabbibo-suppressed
decay 𝛬/0 → 𝑝𝜋0𝜋2

• First evidence of Cabbibo-
suppressed decay 𝛬/0 → 𝑝𝜂

• First measurements of many decay
asymmetries

• Determination of 𝛬/0 spin
• Threshold cross section and form

factors of 𝛬/0 pairs



99

Absolute BFs of Λc+ hadronic decays

• a global least square fit to 12 hadronic
modes
ü First direct measurement on Ʌc

BFs at threshold
ü 𝑩 𝒑𝑲!𝝅# : BESIII precision 

comparable with Belle’s
ü Improved precisions of the other 

11 modes significantly

[Chin. Phys. C37(2013)106201]

• Absolute BF of Λc+  decays are still not well determined since its discovery 30 years 
ago. PDG2014: δB/B~26%; BELLE2014: δB/B~5.3%

• Double tag technique is applied to control systematics

PRL 116, 052001 (2016) 

吕晓睿 强子物理与有效场论前沿讲习班，郑州

So far, the mostly cited
BESIII charm paper



Semi-Leptonic mode

ST mode

100

BF for Lc
+àLe+ne

11 hadronic single tag modes are used

Umiss (GeV)

Ev
en

ts
 /0

.0
10

  (
G

eV
)

! " !#$%# &$#' &$(&")! "# " ν+ +Λ →Λ = ± ±

Ø First absolute measurement of the semi-leptonic decay
Ø Statistics limited
Ø Best precision to date: twofold improvement

PRL 115, 221805 (2015) 

吕晓睿 强子物理与有效场论前沿讲习班，郑州
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First Lattice calculation on charmed
baryon SL decays

吕晓睿 强子物理与有效场论前沿讲习班，郑州
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PDG2015 PDG2020
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Experimental precision reaches of the 
charmed hadrons

Golden hadronic mode δB/B Golden SL mode δB/B
D0 B(Kπ)=(3.88±0.05)% 1.3% B(Kev)=(3.55±0.05)% 1.4%
D+ B(Kππ)=(9.13±0.19)% 2.1% B(K0ev)=(8.83±0.22)% 2.5%
Ds B(KKpi)=(5.39±0.21)% 3.9% B(ɸev)=(2.49±0.14)% 5.6%
Λc B(pKπ)=(5.0±1.3)%(PDG2014)

=(6.8±0.36)% (BELLE)
=(5.84±0.35)% (BESIII)

=(6.46±0.24)% (HFLAV)

26%
5.3%
6.0%
3.7%

B(Λev)=(2.1±0.6)%(PDG2014)
=(3.63±0.43)% (BESIII)

=(3.18±0.32)% (HFLAV)

29%
12%
10%

• The precisions of Λc decay rates reaches to the level 
of charmed mesons!

• However, search for more unknown modes, especially
Cabbibo-suppressed mode, are important

吕晓睿 强子物理与有效场论前沿讲习班，郑州
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New 𝜦𝒄& data in 2020-2021

强子物理与有效场论前沿讲习班，郑州

• First measurement of absolute form factors of Λ%! → Λ𝑒!𝜈&
• Observation of second SL decay 𝛬#! → 𝑝𝐾"𝑒!𝜈&
• Many observations and improved precisions of Cabbibo-Suppressed modes
• First partial wave analysis of Λ%! decays
• More studies of neutron-involved decay modes
• Search for rare decay 𝛬#! → 𝛾𝛴!

in total, 6.4 fb-1 data above Λ%! threshold (~8x times more Λ%! statistics)
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Based on Phase II data

吕晓睿 105

Semi-leptonic decay
ü Form factors of 𝛬&!→𝛬e+𝜈N and 𝛬𝜇!𝜈O PRL129, 231803 (2022); PRD108, L031105 (2023)
ü 𝛬&! → 𝑝𝐾$𝑒!𝜈N PRD106, 112010 (2022)
ü Search for 𝛬&! → 𝛬𝜋!𝜋$𝑒!𝜈N and 𝑝𝐾:𝜋$𝑒!𝜈N PLB843, 137993 (2023)
ü 𝛬&! → 𝑛𝑒!𝜈N Nature Commun. 16, 681 (2025)

Neutron-involved decay
ü 𝛬&! → 𝑛𝜋! PRL 128, 142001 (2022)
ü 𝛬&! → 𝑛𝜋!𝜋#, 𝑛𝜋!𝜋!𝜋$, 𝑛𝐾$𝜋!𝜋! CPC 47, 023001 (2023) (Cover Story)
ü Λ&! → 𝑛𝐾:𝐾! PRD 109, 072010 (2024)
ü Λ&! → Σ$𝐾!𝜋! PRD 109, L071103 (2024)
ü Λ&! → 𝑛𝐾:𝜋!𝜋# PRD 109, 053005 (2024)

Hadronic CS decays
ü 𝛬&! → 𝑝𝜋#, 𝑝𝜂, 𝑝𝜔 JHEP11, 137 (2023); PRD09, L091101 (2024); PRD111, L051101 (2025)
ü 𝛬&! → 𝑝𝜂% PRD106, 072002 (2022)
ü 𝛬&! → Λ𝐾!, Λ𝐾!𝜋#, Λ𝐾:𝜋! PRD106, L111101 (2022); PRD109, 032003 (2024); PRD111, 012014 (2025)
ü 𝛬&! → Σ!𝐾:, 𝛴#𝐾!(𝜋#, 𝜋!𝜋$), Σ!𝐾!𝜋$ PRD106, 052003 (2022); JHEP09, 125 (2023);arXiv:2502.11047
ü Hadronic CF decays
ü PWA of ΛP! → Λπ!π# and Λπ!𝜂 JHEP 12, 033(2022); PRL134, 021901 (2025)
ü W-exchange-only process Ξ#𝐾! PRL132, 031801 (2024)
ü ΛP! → Ξ#𝐾!𝜋# PRD109, 052001 (2024)
ü ΛP! → 𝑝𝐾Q, 𝑝𝐾Q𝜋#, 𝑝𝐾Q𝜋!𝜋$ JHEP09, 007 (2024)

Inclusive decay
ü Improved BF of 𝛬&!→𝑒!X PRD107, 052005 (2023) 
ü First BF of 4Λ&$→5𝑛X PRD108, L031101 (2023)
ü First BF of 4Λ&$→𝐾:#X arXiv:2502.20821

Rare decay
ü 𝛬&! → 𝛾𝛴! PRD107, 052002 (2023)

Production and excited 𝜦𝒄!
ü 𝛬&! ̅𝛬&$ lineshape and form factor PRL107, 052002 (2023)
ü 𝛬& 2595 ! and 𝛬& 2625 ! PRD109, L071104 (2024); PRD109, 112007 (2024); arXiv:2503.21413 
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Recent results on 𝚲𝐜! leptonic decays

强子物理与有效场论前沿讲习班，郑州

3.8σ8.2σ

PRD106, 112010 (2022)
Observation of 𝚲𝒄" → 𝒑𝑲#𝒆"𝝂Determination of form factors of 

𝜦𝒄" → 𝜦𝒆"𝝂𝒆

𝐵(Λ=> → 𝛬𝑒>𝜈?) = (3.56 ± 0.11 ± 0.07)%

First direct comparisons on the differential decay 
rates and form factors with LQCD calculations

PRL129, 231803 (2022)

• Second leptonic decay of Λ=> is observed!
• Good channel to study Λ excited states, such as

Λ(1405) and Λ(1520)

!(Λ!" → %&#'"()=
!(Λ!" → Λ(1405)'"()=
!(Λ!" → Λ(1520)'"()=

PLB 843, 137993 (2023)
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Combined form factor fits to 𝜦𝒄4 → 𝜦𝝁4𝝂𝝁 and 𝜦𝒆4𝝂𝒆

强子物理与有效场论前沿讲习班，郑州

PRD 108, L031105 (2023) 

𝜦𝝁>𝝂𝝁 𝜦𝝁>𝝂𝝁

𝜦𝒆"𝝂𝒆 𝜦𝒆"𝝂𝒆

<𝛼R!>=
−0.94± 0.07 ± 0.03



Cabibbo-suppressed SL decays

强子物理与有效场论前沿讲习班，郑州

PRD107, 052005 (2023) 

𝐵 Λ=> → 𝛬𝑒>𝜈? = 3.56 ± 0.11 ± 0.07 %
𝐵 Λ*+ → 𝑝𝐾,𝑒+𝜈- = 8.8 ± 1.1 ± 0.7 ×10,.
𝐵 Λ*+ → Λ(1520)𝑒+𝜈- = 10.2 ± 5.2 ± 1.1 ×10,.

• There is still room of 0.5% for un-seen SL
decay of the Λ#!

• The Cabibbo-Suppressed SL decays have not
been studied in experiment

• 𝛬#! → 𝑛𝑒!𝜈& is the most promising channel for
the experimental observation

吕晓睿 109
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Recent results on 𝚲𝐜 hadronic decays

强子物理与有效场论前沿讲习班，郑州

Observation of Λ%" → 𝑛𝜋"
PRL128, 142001 (2022)

PRD106, 111101 (2022)

PRD106, 072002 (2022)𝚲𝒄# → 𝒑𝜼′

PRD106, 052003 (2022)

first measurement

Determination of the BF for Λ%" → Σ"𝐾& and Σ'𝐾"

!!" → #$"$# !!" → #$"$$$" !!" → #%$$"$"

7.9$

7.8$ > 10$

CPC47, 023001 (2023)

Many CS modes are explored.
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SCS decays of 𝚲𝒄" → 𝒑𝝅𝟎 and 𝒑𝜼

强子物理与有效场论前沿讲习班，郑州

First evidence of 𝚲𝒄! → 𝒑𝝅𝟎 Most precise measurement of 𝚲𝒄" → 𝒑𝜼

PRD109, L091101 (2024) JHEP11, 137 (2023)



Singly Cabibbo-suppressed decays
of 𝚲𝒄W → 𝒑𝝅𝟎

强子物理与有效场论前沿讲习班，郑州

𝚲𝒄! → 𝒑𝝅𝟎:
• conflicts with BELLE (BF <8.0×10"? )
• need better precision to discriminate

different theoretical calculations
Experimental challenge
• neither ST nor DT can achieve 

sufficient signal sensitivity!

ST
2.6𝛔

𝚲𝒄" → 𝒑𝝅𝟎

吕晓睿 113

• Use Deep Neural Network (DNN) to identify 𝚲𝒄! → 𝒑𝝅𝟎 [𝚲𝒄"(→ 𝒂𝒏𝒚𝒕𝒉𝒊𝒏𝒈)
after ST selections
ü Form point clouds with all recorded tracks & showers
ü Train Transformer model with MC samples covering all 9Λ%# final states
ü Randomly shuffle signal & background MC samples with equal statistics

• Take Λ#! → 𝑝𝜂, 𝜂 → 𝛾𝛾 as reference channel



ML-boosted observation of 𝚲𝒄! → 𝒑𝝅𝟎

强子物理与有效场论前沿讲习班，郑州

PRD111, L051101 (2025)Model architecture – Transformer
• Foundation of Large Language Models like GPT
• Core concept: self-attention mechanism
• Particle Transformer: arXiv:2202.03772

Δ = 𝑦S − 𝑦T < + 𝜙S − 𝜙T <,
𝑘U = min 𝑝U,S, 𝑝U,T Δ,
𝑧 = min 𝑝U,S, 𝑝U,T /(𝑝U,S + 𝑝U,T),
𝑚< = 𝐸S + 𝐸T < − 𝐩S + 𝐩T

<.

ü A transformer model 
tailored for particle physics

ü Inject physics-inspired 
pairwise features as “bias” 
to the self-attention block

吕晓睿 114

https://arxiv.org/abs/2202.03772


ML-boosted observation of 𝚲𝒄! → 𝒑𝝅𝟎

强子物理与有效场论前沿讲习班，郑州

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

吕晓睿 115

PRD111, L051101 (2025)



SCS decays of 𝚲𝒄" → 𝒑𝝅𝟎

强子物理与有效场论前沿讲习班，郑州

• The ratio is directly measured to be @ AVW→BCX

@ DVW→BE
= 0.120 ± 0.026 ± 0.007

• The branching fraction is obtained to be
𝐵 Λ#! → 𝑝𝜋$ = 1.79±0.39±0.11± 0.08 ×10"F,
by adopting the average value of 𝐵 𝛬#! → 𝑝𝜂 from BESIII and BELLE.

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

吕晓睿 116

PRD111, L051101 (2025)
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Amplitude analysis of 𝛬$" → 𝛬𝜋"𝜋%

强子物理与有效场论前沿讲习班，郑州

JHEP12, 033 (2022)
• First Amplitude analysis of charmed baryon multi-hadronic decays
• Based on TF-PWA package: https://gitlab.com/jiangyi15/tf-pwa

Many first measurements of intermediate states!

https://gitlab.com/jiangyi15/tf-pwa
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𝚲(𝟏𝟔𝟕𝟎) decay rates

强子物理与有效场论前沿讲习班，郑州

Comparing the fraction of the Λ(1670) in 𝛬:4 → 𝛬𝜋4𝜂 and that
in 𝛬:4 → 𝑝𝐾;𝜋4:

ℬ 𝛬#! → 𝛬 1670 𝜋!, 𝛬 1670 → 𝛬𝜂 = 2.74 ± 0.62 ×10"G [BESIII2025]
ℬ DVW→D IJK$ CW, D IJK$ →BMY

ℬ AZW→BMYCW
= 1.18 ± 0.33 % [LHCb 2023]

ℬ Λ%! → 𝑝𝐾"𝜋! = (6.24 ± 0.28)% [PDG2024]

We have ℬ = >?@A →BCK

ℬ = >?@A →=D = 26.9 ± 9.7 %

The rate of 𝑵9𝑲 from the previous
measurement seems too large!
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Cross sections of 𝒆'𝒆( → 𝚲𝒄'𝚲𝒄(

强子物理与有效场论前沿讲习班，郑州

• Negate the 𝑌 4630 in decaying into Λ#!Λ#" 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)
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Observation of transverse polarization
of the 𝚲𝒄!

强子物理与有效场论前沿讲习班，郑州

arXiv:2508.11400
Joint angular analyses of the cascade decays of Λ9 → 𝑝𝐾:, Λ𝜋!, Σ!𝜋#
and Σ#𝜋! and amplitude analysis of Λ9 → 𝑝𝐾"𝜋!
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Decay asymmetry in W-exchange-only process
𝚲𝒄W → 𝚵𝟎𝐊W

强子物理与有效场论前沿讲习班，郑州

• Previous theoretical calculation on the BF lower
than exp. measurement, which all predicted zero
decay asymmetry

• BESIII confirmed the exp. result of BF in 2018
[PLB 783, 200 (2018)]

• In theory, BF is enhanced by enhancing the decay
asymmetry close to 1
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Decay asymmetry in W-exchange-only process
𝚲𝒄W → 𝚵𝟎𝐊W

PRL132, 031801(2024)

~378 signals reconstructed

three-level cascade decay Λ%" → Ξ'K", Ξ' → Λ𝜋', Λ → 𝑝𝜋#

7-dim. fit

• First determination of decay asymmetry
𝛼*/+0 = 0.01 ± 0.16 ± 0.03, consistent with
zero

• No theoretical model explains the current results
• First determination on phase difference 𝛿, − 𝛿-,

with two solutions of 𝜋/2 and −𝜋/2
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𝚲𝒄! decay asymmetries

强子物理与有效场论前沿讲习班，郑州
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Strong phase convention in
baryon decays

强子物理与有效场论前沿讲习班，郑州



Determination on the phase differences

强子物理与有效场论前沿讲习班，郑州

• First determination on phase difference 𝛿, − 𝛿-, with two solutions of 𝜋/2 and −𝜋/2

• Based on the angular fit, the phase angle Δ*/.0 = 3.84 ± 0.90 ± 0.17 rad

𝛽*/.0 = −0.64 ± 0.69 ± 0.13
𝛾*/.0 = −0.77 ± 0.58 ± 0.11

1st sol.:  −1.55 ± 0.25 ± 0.05 rad
2nd sol.: 1.59 ± 0.25 ± 0.05 rad

吕晓睿 126
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𝚲𝒄! decay asymmetries

强子物理与有效场论前沿讲习班，郑州
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New 𝚲𝒄' decay asymmetry
measurement

强子物理与有效场论前沿讲习班，郑州

arXiv:2508.11400
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Observation of 𝐞!𝐞" → 𝚲𝐜!.𝚲𝐜 𝟐𝟓𝟗𝟓 " and
𝚲𝐜!.𝚲𝐜 𝟐𝟔𝟐𝟓 "

强子物理与有效场论前沿讲习班，郑州

Datasets of 208/pb at 4.92 GeV and 159/pb at 4.95 GeV
arXiv:2312.08414
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粲介子物理衰变

强子物理与有效场论前沿讲习班，郑州吕晓睿
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U-spin and Ks-KL asymmetry 
I. Bigi and H. Yamamoto, Physics Letters 349 (1995) 363-366

强子物理与有效场论前沿讲习班，郑州吕晓睿

CLEO result:

CLEO result:
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Puzzle of φ decays in charm

Phys. Rev. Lett. 134, 011904 (2025) arXiv:2503.11383 
arXiv:2501.04451

Ø In 𝑫𝒔> → 𝝅>𝝅>𝝅\𝝅𝟎,  𝑫𝒔> → 𝝅>𝝅>𝝅\𝝅𝟎𝝅𝟎 and 𝑲𝑺𝟎𝑲𝑳𝟎𝝅>decays, relative 
Branching Fraction of φ meson deviate from PDG; 

Ø More results are coming. New mechanism? 

R� =
B(� ! KSKL)

B(� ! K+K�)

<latexit sha1_base64="aqFHZz7F8BDIDsJPT9KBNvDHMaQ="></latexit>

R� =
B(� ! ⇡+⇡�⇡0)

B(� ! K+K�)

<latexit sha1_base64="6iSTeRjJbrGDGU5ZfrItXcZlEHc="></latexit>
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How about Ds+ à a00(980) rho+



吕晓睿 强子物理与有效场论前沿讲习班，郑州 141

𝑫𝒔" → 𝝅"𝝅𝟎𝝅𝟎𝜼

BESIII internal review
内部结果

l The 𝐷`> → 𝑎a 980 >𝑓a(500) decay is expected to proceed through the pure WA under 
the assumption of 𝑎a(980) as a conventional 𝑞h𝑞 mesons. Thus, this study will uniquely 

determine the non-perturbative WA amplitudes.

l The study of 𝐷`> → 𝑎a 980 >𝑓a(500) can provide crucial information on the tetraquark 

structure of the 𝑎a(980) or significant contribution from FSI effect.

l Moreover, similar to 𝐷b> → 𝑎a 980 >𝜌a in 𝐷b> → 𝜋>𝜋>𝜋\𝜂, we can search for 𝐷b> →
𝑎a 980 a𝜌>. 

ü 𝐷J# → 𝜋#𝜋K𝜋K𝜂
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Scalars from Ds hadronic decays 

Phys. Rev. D 104, 012016 
(2021)

Phys. Rev. D 105, L051103 (2022)

One	order	of	magnitude	
larger	than	the	expectation!

Phys. Rev. Lett. 129, 182001 (2022)
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Amplitude analysis of D+ ! ⇡+⌘⌘

<latexit sha1_base64="gBp/TzACYkMhbtY+KZzQ5/nMS4c="></latexit>
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a0(980) from charmed hadron decays 

Phys. Rev. Lett. 123, 112001 (2019)

W-Annihilation

Phys. Rev. Lett. 132, 131903 (2024)

W-Emission

Phys. Rev. D 110, L111102 (2024)

W-Emission & W-Exchange

Phys. Rev. Lett. 134, 021901 (2025)

W-Emission & W-Exchange



The quantum-correlated state
For a physical process producing D0 D0 such as

!!"" !!"" →→−+ ψ

The D0 D0 pair  will be a quantum-correlated state
+! −!

!!

!!

For a correlated state with −=!

!"
#
$ %%%% !!!! −=−ψ !!

!!

"

"

!!"

!!"

=
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d and g/f3 input 
• D hadronic parameters for a final state

f :  𝑨
[𝑫𝟎→𝒇

𝑨 𝑫𝟎→𝒇
≡ −𝒓𝑫𝒆t𝒊𝜹𝑫

• Charm mixing parameters: 𝒙 = ∆𝑴
G , 𝒚 = ∆G

𝟐G
– Time-dependent WS 𝑫𝟎 → 𝑲4𝝅;rate Þ

𝒚^ = 𝒚 cos 𝛿C_ − 𝒙 sin 𝛿C_ (LHCb)
– δKp : QC measurements from Charm factory

• g/f3 measurements from B® D0 K
– b®u : g/f3 = argV*

ub
• most sensitive method to constrain g/f3 at present

– GLW, ADS method 
• rD, δD : QC measurements from Charm factory

– GGSZ method
• ci, si : QC measurements from Charm factory

强子物理与有效场论前沿讲习班，郑州吕晓睿



(ci, si) in D0 →KS,Lπ+π- Dalitz analysis
GGSZ (Dalitz) method

强子物理与有效场论前沿讲习班，郑州 150吕晓睿



n MI 𝑫 → 𝑲𝑺/𝑳
𝟎 𝝅"𝝅# Constraint on g

measurement ~ 0.90PRL 124 (2020)241802

2.93 𝐟𝐛$𝟏@𝑬𝒄𝒎 = 𝟑. 𝟕𝟕𝟑 𝐆𝐞𝐕
𝒆#𝒆$ → 𝛙 𝟑𝟕𝟕𝟎 → 𝑫Y𝑫

n MI𝑫 → 𝑲𝑺/𝑳𝟎 𝑲>𝑲\

Constraint on g measurement ~ 1.30

PRD102(2020)052008 n𝑫 → 𝑲\𝝅>𝝅>𝝅\ 𝐚𝐧𝐝𝑲\𝝅>𝝅𝟎

Constraint on g measurement ~ 60

JHEP 2021 (5)  (2021) 164 
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Quantum entangled 𝐷-4𝐷- Strong 
phase measurements

n𝑫 → 𝑲#𝝅"

the most precise measurement
using quantum-entangled 𝐷a"𝐷a

EPJC82, 1009 (2022)

n MD 𝑫 → 𝑲𝑺/𝑳
𝟎 𝝅"𝝅#

arXiv:2212.09048



2019 

Belle II (arXiv:1808.10567): 1.50 with 50 ab-1

LHCb (arXiv:1808.08865v2): < 1o, 50 fb-1, phase-1 upgrade (2030), 
< 0.4o, 300 fb-1, phase-2 upgrade (> 2035)

>year of 2030 (BESIII 20 fb-1 data as inputs)

BESIII data @3770 MeV ( 20 fb-1 )

y(3770)à𝐷E𝐷E quantum correlationèstrong phase parameters between D0 and D0 decays 

èinputs to LHCb measurement of g

BESIII White Paper, Chinese Phys. C 44 (2020) 040001

强子物理与有效场论前沿讲习班，郑州 152吕晓睿



BESIII: a hyperon factory

153

10 billion 𝑱/𝝍 and 2.7 billion 𝝍(2S)events collected 

Ø Large BRs in  𝑱/𝝍 decays : 𝟏𝟎𝟕 entangled hyperon pairs 

Ø Quantum entangled pair productions 

Ø Background free 

Hai-Bo Li,  arXiv:1612.01775

Σ" → 𝑝𝜋#

Single  tag

e+ e-

吕晓睿 强子物理与有效场论前沿讲习班，郑州

http://arxiv.org/abs/arXiv:1612.01775
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A hyperon beam bombarding
beam-pipe target

强子物理与有效场论前沿讲习班，郑州

PRL130, 251902 (2023)
• Stable hyperon beam with well-known kinematics is challenging
• Hyperon-nucleon interactions have been studied both theoretically and experimentally. 

Among them, the knowledge about the Ξ-nucleon are very limited.
• Useful input to study H-dibaryon (𝑢𝑢𝑑𝑑𝑠𝑠) with S=-2

intense monoenergetic Ξ0 baryon

The first study of hyperon–nucleon interaction in electron–positron collisions!

𝚵𝟎𝒏 → 𝜩\𝐩 is observed
for the first time

For Ξ0 momentum is 0.818 GeV/c

(assuming effective number of reaction neutrons in !Be is 3)

22.9±𝟓. 𝟓
𝟕. 𝟏𝝈
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Observation of 𝚲𝑵 → 𝚺!𝐗

强子物理与有效场论前沿讲习班，郑州

𝝈(𝚲𝟗𝐁𝐞→ 𝚺"𝐗) = 𝟑𝟕. 𝟑 ± 𝟒. 𝟕 ± 𝟑. 𝟓 𝐦𝐛
𝒑𝚲 ∈ [𝟏. 𝟎𝟓𝟕, 𝟏. 𝟎𝟗𝟏] 𝐆𝐞𝐕/𝐜,

arXiv:2310.00720
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Radiative hyperon decay 𝜦 → 𝜸𝒏 in
𝑱/𝝍 → 𝜦4𝜦 decays

强子物理与有效场论前沿讲习班，郑州

• To access the information on parity violating and parity conserving amplitudes
in hyperon decays

• Previous measurements are from fixed target experiments and 30 years old!

• A factor of two smaller than the previous measurement
• Obtained asymmetry does not agree well with existing theoretical predictions 

PRL129, 212002 (2022)
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Precise study of 𝚺W → 𝜸𝒑 from 𝑱/𝝍 decays

强子物理与有效场论前沿讲习班，郑州

arXiv:2302.13568

The measured BF is lower 
than the PDG value by 4.2σ

• 10B from 𝐽/𝜓 decays are explored
• Σ" tagged from 𝐽/𝜓 → Σ"BΣ#
• Amplitude fit to obtain decay asymmetry
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Semileptonic decays: |Vus| 

N. Cabibbo, E. Swallon, R. Winston 
Ann.Rev.Nucl.Part.Sci. 53:39-75,2003

𝚵,
dss

usu
Λ

|Vus| measurements are inconsistent:

between Kl3 and Kl2 decays and tau decays.

arXiv:1909.12524 
HFLAV group 2018

吕晓睿 强子物理与有效场论前沿讲习班，郑州
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BF measurement of 𝜦 → 𝒑𝝁"9𝝂𝝁

The	results	for	𝚲→𝒑e−𝝂e	will	come	soon.	

Consistent
with LFU
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!#" = 64 ± 9

ü Update measurement after a 50-year hiatus

ü The first study of its absolute BF

ü The most precise result to date

!,- = ℬ(% → '(.)̅,)
ℬ(% → ',.)̅-)/01

= 0.178 ± 0.028

First absolute BF measurement

ℬ Λ → '(.)̅, = (1.48 ± 0.21 ± 0.08)×10.2

Δ3/ =
ℬ4→6,!78" − ℬ48→6̅,#7"
ℬ4→6,!78" + ℬ48→6̅,#7"

= 0.02 ± 0.14 ± 0.02

Test lepton flavor universality 

Search for CP violation

Consistent
with CP symmetry

Phys. Rev. Lett. 127, 121802 (2021)

0.153 ± 0.008
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Evidence for the cusp effect in 𝜼y → 𝜼𝝅𝟎𝝅𝟎

强子物理与有效场论前沿讲习班，郑州

PRL130, 081901 (2023)
• Based on 10B 𝐽/𝜓 events: ~0.43M signals of 𝜂4 → 𝜂𝜋0𝜋0
• A Dalitz plot analysis within the framework of non-relativistic effective field 

theory (NREFT)

• Evidence for a structure at 𝜋"𝜋# mass threshold is observed in the 𝜋0𝜋0 mass 
spectrum with a statistical significance of around 3.5𝜎
è consistent with the cusp effect as predicted by the non-relativistic effective 
field theory

• Scattering length combination 𝑎' − 𝑎5 determined to be 0.226 ± 0.060 ± 0.012
è in good agreement with theoretical calculation of 0.2644 ± 0.0051
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BESIII Physics
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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]].

吕晓睿
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Planned future data set

强子物理与有效场论前沿讲习班，郑州
~55 fb-1

to be complete
in 2022-23✓

✓

吕晓睿



Upgrade BEPCII
(BEPCII-U)
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Proposal of the upgrade BEPCII
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ü An upgrade of BEPCII (BEPCII-U) has been approved in July 2021:
the optimized energy is 2.35 GeV with luminosity 3 times higher than current 
BEPCII and extend the maximum energy to 5.6 GeV
Ø Add another cavity per beam to improve the RF power
Ø Change optics slightly, increase number of bunches
Ø Challenges: high beam intensities, backgrounds and aging effect in 

the detector
Ø Small risk: can continue running with better performance than BEPCII

Ø Timescale: 2.5 years construction + 0.5 year installation
Ø Installation:  July – December 2024 and the upgraded machine ready 

in Jan. 2025

吕晓睿



Status of BEPCII-U

The storage ring operation began @ y (3686) on May 2nd, 2025, following the 
successful completion of all system readiness checks.

from Chenghui YU

Vacuum of BEPCII-U, a new machine, is getting recovered slowly.
The vacuum of BER(7´10-9 torr@560mA) is better than BPR(1´10-8 torr@480mA) 
à final target: 4´10-9 torr
Further luminosity optimizations are needed!  
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Status of BEPCII-U

Measurements of beam polarization

ØTransverse (vertical) polarization has been observed by BESIII at BEPCII

ØLaser Compton Polarimeter is being implemented in BEPCII for precise polarization
measurement

Chenghui Yu 
Yutie Liang 
Zhe Duan

Providing polarization measurements bunch by bunch! 
Spin related physics could be available in the future. 
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Taichu Pix detector 

Total cost: 4.0 M CNY

吕晓睿 强子物理与有效场论前沿讲习班，郑州



Status of BESIII: data-taking 

Mingyi Dong

Ø Collision beam started from May 17, 2025

Ø Scan of y (3686) peak position was finished on June 3rd, 2025 

Ø The on-peak data taking started beam energy on June 5th, 2025

Ø About 65 fb-1 integrated luminosity has been collected until July 6th , 2025

167

Need about 600 pb-1 , only 65 pb-1 integrated luminosity (40 M 𝜓e)  collected.  
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Potential physics with BEPCII-U
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ü Detailed studies of the known 𝑍#(T) states and search for `black swans` in the 

higher energy region within a considerable amount of data sets.

ü Cover all the ground-state charmed baryons: production & decays, CPV search

Few data and potential physics for XYZ 
and charmed baryons 

⇤c⇤̄c

<latexit sha1_base64="w3K6x6YRG8GRvP8VTBn2KV/7Uhw="></latexit>

⌃c⌃̄c

<latexit sha1_base64="sJahAfEPVu9jK/YfUsCLWSQQ1js="></latexit>

⌅c⌅̄c

<latexit sha1_base64="KGhKNYGBpeJANtzvfmVK6FxmZB8="></latexit>

⌦c⌦̄c

<latexit sha1_base64="hh7C56YhuAYSC9BiWTkqFtt4plI="></latexit>
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Heavier charmed baryons

Energy thresholds
ü Λ%"BΣ%# 4.74 GeV
ü Λ%"BΣ% 𝜋 4.88 GeV
ü Σ% BΣ% 4.91 GeV
ü Ξ% BΞ% 4.95 GeV
ü Ω%'RΩ%' 5.4 GeV

Ω%"
!

s					"

169吕晓睿



Some (personal) thoughts for future data taking

ISR effective luminosity 
@ 10.58 GeV

Competition with Belle II exists, and
the scan energy points between 4.0 
and 5.6 GeV need to be optimized

We need further scan data samples 
for Ecm=4.00-4.15, 4.43-4.59, 4.90-5.60 GeV, 
and some other energy points around
charmed baryon threshold, such as
ü 4.01 GeV: DsDs
ü 4.6-4.7 GeV: Λ% RΛ%
ü 4.95 -4.97GeV: 𝛯% B𝛯%

5.4 -5.6 GeV: 𝛺%' B𝛺%'
强子物理与有效场论前沿讲习班，郑州 170吕晓睿
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How many vectors in charmonium energy region?

Y(4230), 
Y(4320), 
Y(4360), Y(4390)

Y(4660), 
Y(4710), 
Y(4790)

Y(4500)

Besides vector charmonium (𝑐 ̅𝑐) states, we also expect 𝑐 ̅𝑐𝑔 hybrids, and 
𝑐 ̅𝑐𝑞 B𝑞 tetraquark states. Have they already been observed?

è More theoretical/experimental efforts necessary!

Between 3 and  5 GeV:
6 y + 8 new charmonium-like states 

吕晓睿 强子物理与有效场论前沿讲习班，郑州



Joint efforts among experiments and theories

in	𝑒>𝑒\ → 𝜋\𝑍𝑐

in	𝑒>𝑒\ → 𝜋\𝑍𝑐

in 𝐵 → 𝐾𝑍𝑐𝜋±𝐽/𝜓
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• It is crucial that different experiments, such as BESIII, LHCb and
Belle II, exchange information in the efforts of amplitude analyses
ü Sharing the knowledge on analysis tools

eg, TF-PWA (talks given inside BESIII and LHCb) https://github.com/jiangyi15/tf-pwa
ü Constraints on properties of the hadronic states

• A few cases:
• Zc/Zcs productions (e+e- annihilations or b-hadron decays) and decays

(to open or hidden charm states)

World-wide 
experimental 

efforts
Models LQCD

• Energy-dependence
• Patterns in productions and decays Pole properties

Y(4260)

?

Zc(3900)?X(3872)

吕晓睿
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Summary
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• BESIII is successfully operating since 2008, and will continue 
to run for 5–10 years
– collected large data samples in the energy range 2.0~4.95 GeV

• A large varieties of physics topics
ü Charmed mesons and baryons
ü hadron spectroscopy and XYZ states
ü Form factors of the nucleon and hyperons, hyperon CPV search
ü Low-Q2 QCD studies: R value, multi-meson production, fragmentation

function, …
ü Light hadron decays
ü Rare decays and new physics search
ü tau physics
ü …

• Future goals:
50M D0, 50M D+, 15M Ds, 2M Lc , high-lumi. fine scan between 3.8 GeV
and 5.6 GeV
è BEPCII-U: 3x upgrade on luminosity

吕晓睿
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• Through the weak decay of hyperons, we could probe its polarization. Hence
more information of the EFF can be studied

• Δ𝜙 is the phase angle difference of GE and GM: can be explored via angular
analysis of the spin-coherent hyperon-pair weak decays

Relative phase of Form Factors(FFs)

polarization-term
independent a- and a+ dependence

α = 2Re(S *P)

S
2
+ P

2

β = 2Im(S *P)

S
2
+ P

2

γ =
S
2
− P

2

S
2
+ P

2

α 2 + β 2 + γ 2 = 1

CP asymmetry: 
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Facilities for Charm Study
p LHCb:  huge x-sec, 9 fb-1 now (x40 current B-factories); excellent lifetime 

resolution due to the boost; large combinatorial BKG, difficult with neutral 
and missing particles

p B-factories (Belle(-II), BaBar): more kinematic constrains, clean environment, 
~100% trigger efficiency, good to detect neutral particles; lower boost, poorer 
lifetime resolution

p t-charm factory : Low backgrounds and high efficiency; missing technique; 
Quantum correlations and CP-tagging are unique;
• BESIII: 20 fb-1 at 3.77 GeV; 6 fb-1 at 4.18 GeV; 15 fb-1 @ 4.6-4.9 GeV

• STCF : 4´109 pairs of D±,0 and 108 Ds pairs per year

• Highlighted Physics programs
- Precise measurement of (semi-)leptonic decay (fD, fDs, CKM matrix…)
- 𝐷a − "𝐷a mixing, CPV
- Rear decay (FCNC, LFV, LNV….)
- Excite charm meson states  DJ, DsJ (mass, width, JPC, decay modes) 
- Charmed baryons (JPC, Decay modes, absolute BF)
- Light meson and hyperon spectroscopy studied in charmed hadron decays

176吕晓睿
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Active directions in HEP Machine Learning

• Machine Learning (ML) is an increasingly 
important in many aspects of HEP studies

• Ideal platform of BESIII in ML studies:
ü large labeled background-free training

samples: e.g., 10B 𝐽/𝜓 events 
ü high-quality fully simulated MC samples
ü rich topology: low-level detector response 

è particle 4-momentum è full decay tree 
ü energy-momentum conservation in event:

hidden symmetry can inspire new ML 
structures

吕晓睿
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Example: hunting for 𝜦𝒄" → 𝒏𝒆"𝝂

• Important process of semi-leptonic 𝜦𝒄> decay to probe strong
dynamics in charmed baryon

• Challenges:
ü neutrino is missing in detection
ü dominant backgrounds from ΛJ+ → Λ(→ 𝑛𝜋E)𝑒+𝜈, with ~10x yields than

that of the pursuing signals
ü elusive neutron detection due to neutral charge and contaminations from 

the photon showers (& noises) in electro-magnetic calorimeter (EMC)
• Need advanced ML tool to identify neutron showers in EMC

吕晓睿
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Why Graph Neural Networks (GNN)

• 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.

吕晓睿
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Analysis strategy

• Threshold Λ%" production: clean environment and Λ%" tagging
• Train GNN with ParticleNet using control data from 𝐽/𝜓
→ 𝑝𝑛𝜋", 𝑝Λ𝐾" and c.c. modes based on 10B 𝐽/𝜓 decays

Semi-Leptonic
mode

𝜦𝒄# tagging

吕晓睿
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Observation of 𝜦𝒄E → 𝒏𝒆E𝝂

(>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

$
(𝑝𝜋K) and 𝐽/𝜓 → Ξ$(Λ𝜋$)Ξ

#
(Λ𝜋#)
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