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Outline of the talk
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• Introduction

• LHCb experiment

• Amplitude analysis

• Spectroscopy results

• More than spectroscopy

• Prospects and conclusion
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Hadrons
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Now 13.6 TeV

• Made by two or more quarks; held together by the strong nuclear force

• Most of the ordinary matter are proton and neutron; most of the mass of hadron from the strong 

force (Higgs only generate a small amount)

Can force mediator or leptons 
form a composite particle?



Hadron physics
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• Lepton properties, however, QCD still important (Hadronic 

Vacuum Polarization, Hadronic Light-by-Light etc.)

• Method developed to understand QCD (lattice, dispersive 

relationship)

�� ���� = ��� ��� ��� �� × ��−��

+ ��
NP

� �. � ��� 

BESIII input 

• Almost all high energy physics are related to hadron physics

2025.06： �� ��� = ��� ��� ���� ��� × ��−��,  ��� ppb



Tasks of flavor and hadron physics 
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• SM model very successful; 

• Still an effective theory, many unexplained phenomena; 

• Most related to flavor and hadron physics

New Physics hunting

• Matter and antimatter asymmetry 

observed in the Universe

• Origin of dark matter? New particles 

or new forces? Flavor hierarchy

Understanding QCD at low energy

Non-perturbative!

• Properties of QCD 

confinement

• Structures of hadrons

UCAS, Wenbin Qian



Hadron physics: colorful and tasty 
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• Spectroscopy studies 

• Structure of hadrons

• Hadron interaction with matter

• Production and decay of hadrons

• Fragmentation process into hadron

• Everything related to matter 

QCD at low energy

UCAS, Wenbin Qian

 p



Questions related to hadron structures

2025/08/19 7UCAS, Wenbin Qian

• How quarks are combined into hadrons? How many types of matter?

• What are the properties of strong force at low energy?

• How does the strong force generate mass of proton and neutron?

• ……



Quarks and gluon
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• In total,  6 (flavor) x 3 (color) x 2 (antimatter) = 36 quarks

• How many different types of hadrons can they make? (if not counting excited states): 36 

for meson (��′) and 112 for baryons (��′�′′ or ��′�′′ ); 

• hadron does not show color property

• Can gluon itself form a hadron?



Top quark
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• Top quark a bit special, no resonance seen until recently

• Lifetime of top quark: 7× ��−�� s

Long distance
Slower interaction

Short distance
Quicker interaction

1 fm ~ 3× ��−�� s



Toponium (1)
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• Both CMS and ATLAS seen excess of events near 

threshold of � �� 

• New physics or the smallest composite particle yet 

observed in nature: toponium

• Text book claim: top quark lifetime too short to form any 

bound states

• Cross section: �. �−�.�
+�.� pb

• Total �� cross section: ~830 pb

• Could it really be toponium?



Toponium (2)
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• In Bohr model: (��/�� ~ 340000, charge +2e/3)
• �� = ���/�

• �� = �ℏ/���� ~ 0.7 fm 

• �� = ������/�� ~ 0.5 keV 

• ��~�. � > �~�. ��: QCD dominant

• �� = �� ~ 0.2c

•  �� = ℏ/���� ~ 0.01 fm

• �� = �����/� ~ 2.0 MeV 

QCD potential:QED potential:

2��1

�1
= 2�



Toponium (3)
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• Lifetime of top quark: ~ � × ��−�� s

• Average interaction length between ��

• 1 fm: around 6�, probability around � × ��−�

• 0.5 fm: around 3�, probability around 3× ��−�

• 0.25 fm: around 2�, probability around 2× ��−�

• Estimation varies from 2% to 0.01%

• Measured: ~1%

• There could be toponium formed before top decays



Godfrey-Isgur model
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• Ignor multi-quark or gluonic excitations

• QCD-inspired potential:

• Confining part (long range): ∝ �

• Coulomb-like part (short range): ∝− ��/�

• Spin-dependent part: hyperfine splitting

• Mainly depends on �

• Wave function solutions from Schrodinger equation

• Spin-parity

• Nature: �+,  �−,  �+,  �−,  �+…

• Un-nature: �−,  �+,  �−,  �+,  �−…

• Decaying into two pseudo-scalar particle: nature spin-parity 

��
��

�=0

��



Quark mass
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• All other quarks except top decays after formation of hadrons

• Mass very different from each other

Quark u d c s t b

Mass (MeV) 2.3 4.8 1275 95 173070 4180

• ����~ ��� MeV

• Perturbative calculations

• �� (large momentum transfer)
• ����/��

• Heavy quarks: �,  � play a special role



Heavy quark spin symmetry (HQSS)
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• When �� ≫ ����, spin of heavy quark decouples with other freedom or �� → ∞, all spin 

interaction vanishes (� �/�� ) 

• Heavy quark can be considered to be static (��~�/��)

• Spin of heavy quark  ��  and total angular momentum  ��  conserved

• Splitting between different �� approaches 0 when �� → ∞

• System very similar for different heavy quarks

��
��

�

��



Application
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��∗ − ��~ 140 MeV
���

∗ − ���~ 142 MeV
��∗ − ��~ 45 MeV
���

∗ − ���~ 45 MeV

• Mass splitting between doublet of ground state (spin related)

��∗
2 − ��

2~ 0.54 GeV2

��∗
2 − ��

2~ 0.48 GeV2

���
∗

2 − ���
2 ~ 0.57 MeV

���
∗ − ���~ 0.52 MeV

• Mass splitting decreases as �/��

• Also works when the light part is changed to s quark

• One may also expect 

��
��

�=0

��

��� − ��~��� − �� ��1
∗ − ��~��1

∗ − ��

��2
∗ − ��~��2

∗ − ��
Light freedom

Angular momentum



Particle zoo 2.0
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• Many new hadrons discovered since the discovery of ��� ����  in 2003: renaissance and revolution?

LHC (mainly LHCb) BESIII

• + 17 new hadrons from Belle (>35 from its start)

•  > 20 new hadrons since 2022 (only selected ones are shown)

• Many can not be explained by conventional quark model

75 new hadrons

30 new hadrons

More than 140 new hadrons

UCAS, Wenbin Qian



Spectroscopy studies
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Measurements

Empirical summary to Balmer’s equation:

Complicated

Rydberg’s equation:

Bohr model

A B
Force



A history of understanding
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More states

Better understanding

Particle X = �� + ���� + �� �� �� ��+ +                …���

UCAS, Wenbin Qian

�� � + ��  � 

Unified model for all hadrons?



LHCb experiment
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Experiments in the world
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+ many dedicated 
experiments



LHC: a new energy and luminosity frontier
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Now 13.6 TeV



Production of � hadrons
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Experiments Production Efficiency

LHCb (50 fb-1) ~1013 ~0.1%

Belle II (5 ab-1) ~1010 few%

CEPC ~1012 few%

• Beauty in LHCb more than 1 order of magnitudes larger than other experiments; CPV and 

time-dependent studies

• Production not only ��,+ mesons, but also ��
� + b baryons

• �+�− experiments: final states with neutral particles; absolute branching fraction 

measurements etc.



Charm production at LHCb
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• Charm in LHCb more than 2 orders of magnitudes larger than other experiments; CPV and time-

dependent studies

• BESIII: quantum-correlated production

• �+�− experiments: final states with neutral particles; absolute branching fraction measurements 

etc.



What we eat in canting
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Now 13.6 TeV



The LHCb detector (before 2019)
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2008 JINST 3 S08005

Designed for CP violation and heavy flavor studies

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta


A new LHCb detector
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New 
pixel 
Velo

New UT New 
SciFi

Removed M1 
and new 
readout

New RICH optics and PMS
Removed PS/SPD and 

new readout

Similar PID 
performance

Twice trigger efficiencies (hadronic)

• With our new LHCb detector, already collected more data than Run1+2

• More importantly, full software trigger ➜ better performance on hadronic final states



The LHCb Coverage
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2008 JINST 3 S08005

• Very different from other collision experiments

• However, not a fixed-tag experiment

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta


The LHCb status
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• Run 1: 

• 2011 (7 TeV): 1 fb-1 

• 2012 (8 TeV): 2 fb-1

• Run 2:

• 2015-2018 (13 TeV): 6 fb-1

• Run 3:

• 2024 alone (13.6 TeV): 9.56 fb-1

• A new LHCb detector for Run 3 operates at × � higher instantaneous luminosity

• Similar performance, while efficiency for hadron final states increased by a factor of 2



The LHCb luminosity
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• Instantaneous luminosity at ATLAS and CMS falls exponentially

• LHCb controls its luminosity by beam offset 

• Instantaneous luminosity for LHCb at Run 1 

and 2 are �~�. � × ���� cm-2s-1

• While in Run 3, it is �� × ���� cm-2s-1

• Average number of visible pp collision �~ 1.1 

(33% empty events) in Run1,2

• Low pp collisions important for flavor physics 

(lifetime related measurements) 



The LHCb VELO detector
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• Designed to measure pp 

collision and secondary decays 

from beauty and charmed 

mesons

• VELO only closed when stable 

beam 



Why a silicon detector important
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More than 100 tracks

• Lifetime of � and � hadrons: ~ ��−�� s; typical momentum ~ 60 GeV → flies around 0.5 cm

• Help in distinguish tracks from decays of � and � hadrons and tracks from pp collisions

• Lifetime resolution in LHCb ~ 44 fs

��/� ~ 4%

• Crucial for lifetime measurements



Impact of silicon detector
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Meson mixing
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�
��

 ��

��
 =    � − �

2
Γ   ��

��
 

Mass eigenstates != flavor eigenstates

Meson ��(ps-1) ��/� � (ps)

�� ~0.5 ~0 ~1.5

��
� ~17.8 ~0.14 ~1.5

cos Δ��� × �/�

Not diagonalized



Oscillation
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cos Δ��� × �/�

T = Δ���/2�~0.12

cos Δ��� × �/�

T = Δ���/2�~4.3

�0 → �

�0 → �

��
0 → �

��
0 → �

• Flagship measurement when LHCb designed is to measure ���

• To resolve oscillation, further constraints on lifetime resolution; �� separation between two 

oscillation peaks: ~ 50 fs

• CPV power ∝ ������
�/� , 0.73 @ 45 fs, 0.28 @ 90 fs



First hit point at the silicon detector
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• Secondary vertex resolution depends on how close the first detection point to it 

• Make it as close as possible to the beam pipe

• Now only 8mm!!!

• VELO closed only during stable beam



First hit point at the silicon detector
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• Secondary vertex resolution depends on how close the first detection point to it 

• Make it as close as possible to the beam pipe

• Now only 8mm!!!

• VELO closed only during stable beam

5p coin

Old VELO



Flavor tagging
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• Need to know flavor of B when it is 

produced

• Based on knowledge of the other B 

or s/d quark associated with B 

production

• Low effective tagging power/yields



Where is the other B?
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• � and � produced heavily boosted in one direction

• Single-armed detector designed to have 27% � and � produced inside LHCb acceptance



Measurement of ���
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• Measured using ��
� → ��

−�+, �� → � ∗ ���

Precision of 0.38% and 0.12%!!!

Δmq =  
��

2

6�2  ���
∗ ��� 

2��
2 �0 �� �����

2 �����,       �� =  
��

2

��
2

�0 � = �  
1
4 +

9
4

1
1 − � −

3
2

1
 1 − � 2 −

3
2  

�
1 − � 

3
ln� 

• Uncertainties mainly from Bag parameters (3%) obtained from lattice

• Large reduction of uncertainties by making ratios of the two 



PID system
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• Key different in detector design for experiments dedicated to flavor physics

GPD

Flavor

Needs to identify 
different hadrons



PID system in LHCb
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LHCb PID system
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DK

D�

• Example: Sensitivities of CPV mainly come from �− → �� decays ; 

Needs to remove large �− → �� background

• Two RICH systems offer good PID performance around 10-100 GeV; 

(Muon system to distinguish muon from other particles) 



Cherenkov detector
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• By knowing momentum and velocity, one can identify hadrons

• Velocity determined by 

RICH1 RICH2



LHCb tracking system
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• Tracking system consists of VELO, TT, T stations

• Offer momentum measurements together with magnet; ~0.5% momentum resolution

• Layout offers sensitivity to different track types: VELO tracks for vertex reconstruction; 

downstream tracks for long-lived particles (KS etc.)



Why tracking is important
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• Good momentum resolution extremely important for distinguishing two resonances close to 

each other (famous pentaquarks)

• Also important to distinguish B0 and BS in hadron collider (LHCb vs CMS)

• Significance of rare decays also largely depending on mass resolution

B0

BS

12 MeV 24 MeV 36 MeV



LHCb magnet
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• LHCb magnet in y direction; 

• Change magnet direction during operation (mag. down or mag. up)

• Detection asymmetry cancels largely in two scenarios

� asymmetries 
~ 1 T



LHCb muon system
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��
� → �+�− in LHCb
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How data is collected
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Impression of LHCb
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40 Tb/s of data to the detector
1% of global internet traffic

Distributed analysis framework: grid

Tier1: Beijing IHEP; Tier2: Lanzhou
All Chinese group contributes



A collision in the LHCb detector
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LHCb Physics and LHCb China
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主要研究内容

• 重味物理与CP破坏

• 稀有衰变与新物理

• 强子产生与谱学，QCD

• 电弱物理与Higgs物理 

• 重离子物理，… 

LHCb中国组：清华大学、华中师范
大学、高能物理研究所、中国科学院
大学、武汉大学、湖南大学、华南师
范大学、北京大学、兰州大学、河南
师范大学、中国科学技术大学、西北
工业大学

LHCb合作组：24个国家，100多家单
位，近1800名成员



Amplitude analysis

2025/08/19 54UCAS, Wenbin Qian



Dalitz plot
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• Amplitude analysis widely used in flavor physics

• Simplest case: Dalitz plot, a spin 0 particle decays to three spin 0 particles

• Resonances with different spins behave differently

• Separate them and extract information according to interference between them



Dalitz plot（1）
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• Named after R. Dalitz

• Kinematic and freedom

�13
2 + �12

2 + �23
2 = �2 + �1

2 + �2
2 + �3

2



Decay rate
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• Decay rate of a particle M into n body final state

• Two-body decay

• Three-body decay

Integrated over angle freedom 



Phase space and square Dalitz 
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Lorentz invariant
Constant = uniformly 
distributed



Resonance
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Angular distribution
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�



Interference
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Constructive Destructive



Modeling
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• Isobar model: coherent sum of quasi-two-body contributions

Contain both strong and weak contributions

Strong dynamics: resonant line-shape, angular distributions
Invariant under CP transform



TF-PWA
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• Amplitude analyses very complicated: main limitations to start an analysis

• Enormous data from BESIII, LHCb and other flavor physics experiments: massive CPU time 

needed to perform analyses

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

needed



Features
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• Fast

• General

• Easy to use 

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

• GPU based 

• Vectorized calculation 

• Automatic differentiation

• Custom model available

• Simple configuration file 

• Automatics process

• All necessary functions implemented

Open access and well 
supported 

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


Framework
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   Decay description.

structure

angle

amplitude model

Decay, Particle

Decay chain

Decay group

4-momenta

Amplitude rule

fit

Results

error matrices

partial wave 
distributions

fit fractions

fit parameters

Data process

config.yml

…

plots

Configuration file

For inputs, the 
most relevant 
place users need 
to take care

Automatic generations 
of different kinds of 
fitting outputs

Can be a black box for beginners

data, MC



Key functions
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• All functions needed for amplitude analysis:

• Toy studies
• Plotting 
• Fit fractions, interference fractions
• Simultaneous fit between different datasets
• Parity conversation
• Gaussian constraints on parameters
• 2D chi2 test
• CP violation fit
• Final states with identical particles 
• Amplitude factorization
• Resolution 
• Simple symbolic formula
• Model independent fit
• Error propagation
• …

• Different ways of modeling: helicity formalism, covariant tensor, irreducible tensor formalism

• Capability to form time-dependent Dalitz analysis

• Used by more than 100 analyses in LHCb and BESIII collaborations



Spectroscopy studies
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Quarkonium production
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Cross section and polarization
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• Many models to explain measured cross section and polarization from different experiments

• However, not yet one which can explain all the results

• Crucial point: matrix elements extraction



Excited �� spectrum
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How to reconstruct a b candidate
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pp
�0

�−

�+

�−

�+

�−

�+

�−

�−

�+

�+

• Well identified tracks

• Relatively large ��

• Large impact parameter

• Good vertex

• � displaced from �

• � from PV

• Mass

• MVA needed

Tracks and its 
properties are 
reconstructed from 
hits in detector

�0 → �+�−�+�−



Discovery of ��� ���� 
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• Signal modeling: resolution smearing + FSR

• Background: random combination of tracks

• Mis-identified background (not in this plot)

• Partially reconstructed background (not in this plot)

• Non doubly charmed background (not shown in this 

plot)

Run2

• Kinematic fit to improve resolution

• Unbinned maximum likelihood to extract out signal yields (��� ± ��)

�0 → �+�−�+�−



Discovery of ��� ���� 
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�0 → �+�−�+�−

0− → 0− + 0+

1+ → 0− + 0+



Significance test and look-elsewhere effect
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• Wilks’ Theorem, a statistical model parameterized by � ∈ � 

• Null hypothesis ��, no signal, restricted � to a subset �� ∈ �

• Alternative hypothesis ��, having considered resonance

• Test statistic based on likelihood ratio, 
� = ���� �� �� /�� ��  

• � follows a �� distribution with ndof = dim(�) − dim(��) 

�1:       � 2 =   
�

�������� + �0���0�0 
2

�0:       � 2 =   
�

�������� 
2Example:



Significance test and look elsewhere effect
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• Regularity conditions

• �� lies in the interior of �

• Likelihood function sufficiently smooth (twice differentiable)

• Parameters are identifiable: different parameter values lead to different probability 

distributions

�1:       � 2 =   
�

�������� + �0���0�0 
2

�0:       � 2 =   
�

�������� 
2Example:

• When �� = �, it violates condition 1 and 3, however, if changing ������ → �� + ���, the two 

conditions restored 

What if �� contains 

fit parameters?



Example
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• Case 1: to search for a resonance at 1400 with width 10

• Case 2: to search for a resonance in the range between 1000-

4000 

Local significance



Spin parity determination
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• Different spin gives different angular distributions over helicity angle

• Hypothesis test (based on toys)

• Toy 1: generated with spin A and �LL = LL(spin A) − LL(spin B)

• Toy 2: generated with spin B and �LL = LL(spin A) − LL(spin B)



�� ���� + and �� ���� +
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• JP= 1+

• L = 1, S=0 or 1

• Mass of �� ���� + very close to 

predicted value

• Mass of �� ���� + significantly lower 

than predicted value (nature not clear)

• Same JP allows mixing between two



�� ���� + and �� ���� +
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� 
��

�� � 
��

�� 

��1
+ → �∗0�+:

 1/2�1 > :  S wave

 3/2�1 > :  D wave

• Different wave gives different angular 

distributions  

P-wave forbidden by parity



�� ���� + and �� ���� +
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��1 2536 + → �∗0�+,  �∗0 → �0�0/�0�

Neutral particles not reconstructed

LHCb-PAPER-2023-014

• S-wave fraction:  �� ± � ± � %， allows to calculate mixing angle and understand the nature of these 

orbitally excited states



�� ���� + and �� ���� +
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��

�/�

�/�

�/�

What causes these difference?

Mass very close to �� and �∗� threshold, molecules of �� or �∗� 

instead of proposed in quark model? Or a compact four quark state?



�� ���� + and �� ���� +
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�� ���� +

• Mass below DK threshold

• Width very narrow (<3.8 MeV @ 95% CL)

• Dominant decay channel: ��
+��, Isospin 

breaking?

• Neutral and doubly charged partner not found 

previously

��� ���� +

• Mass above DK threshold

• Width very narrow (<3.5 MeV @ 95% CL)

• Dominant decay channel: ��
+��, Isospin 

breaking?



Why doubly charged?

2025/08/19 83UCAS, Wenbin Qian

• For a four quark state containing a charm quark: ���′�′′

3 ⊗ 3⨂3 = 3⨁3⨁6⨁15

• If I = 1 ��� state found, indicating ���
∗  ����  

also multiquark state

• What about ��
∗?

• If �� also found, distinguishable between 

hadronic molecules and Diquark-antidiquark 

tetraquarks



Search for neutral and doubly charged �� ���� 
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• BaBar, 2006, searched in �+�− → �� + � @10.6 GeV, not found

• Belle, 2015, searched in � → ���
+�, not found

• LHCb, 2023, searched in � → ���
+�, found neutral and doubly charged ��� ���� 

• ���� − ���� = ��� MeV similar as � � ��  − � � ��  : radial excitation of �� ���� +

• Many other theoretical discussions

• We look into � → � ∗ ��
+�+�−, where �� ���� + → ��

+�+�−



Dalitz plot

2025/08/19 85UCAS, Wenbin Qian

• Clear gathering of events in three different regions, possible contributions from ���?

• Double peak structures in � �+�− , quite interesting



Fit results with �� only models

2025/08/19 86UCAS, Wenbin Qian

� �+�− ∈  279.2,  491.2  MeV

• Both �� ���  and �� ����  far away from 

threshold (492 MeV)

• Very puzzling �� ���  parameters

• �� S-wave line shapes quite different from 

other processes



Fit results for models with ���

2025/08/19 87UCAS, Wenbin Qian

� �+�− ∈  279.2,  491.2  MeV

• �� ���  mass and width agree with other 

measurements

• Scattering length in K-Matrix determined to 

be

• Significance of ��� > ���

• Coupling, masses and widths of ���
�  and ���

++ 

fixed to be the same; if free, consistent with 

each other



Discussion

2025/08/19 88UCAS, Wenbin Qian

• Both models with and without ��� ����  states can describe data

• However, models without ��� ����  states have some deficiencies and implausible

• Model with ��� ����  states:

• Mass consistent with �� ���� +

• Width significantly larger than �� ���� +

• Spin 0+

• Relationship with �� ���� +?

• Indication of exotic structures in �� ���� +?

• How about �� ���� +



Other doubly charged state?

2025/08/19 89UCAS, Wenbin Qian

• Two decays considered: �� → ����
+�−,  �+ → �−��

+�+

d d

d d

u
�

��

��

u u

uu

d
�

�+

�+

• Connected by isospin relationship in all aspects



Dalitz plot

2025/08/19 90UCAS, Wenbin Qian

�� �+

• Very similar distributions over Dalitz plot

• Clear accumulation of events on both channels around 2.9 GeV of � ��
+�−  and � ��

+�+ 



Amplitude analysis

2025/08/19 91

Without new states With new states

�+

�+

��

��

���
�  ���� �

���
�  ���� ++

��� ���� − ��� ����  

~ � �� − � �� 

��� ����  radial excitation of 
��� ����  ?

UCAS, Wenbin Qian



Further tetraquark states with � and �?

2025/08/19 92UCAS, Wenbin Qian

• ���
�  ����  have quark content ���� and ����

• Any states with quark content ����?

In �+ → �+�−�+ decays, two states observed

Exotic Mass (MeV) Width (MeV) Spin-parity

�� ���� ���� ± � ±2 �� ± �� ± � �+

�� ���� ���� ± � ± � ��� ± �� ± � �−

���̅
�  ���� � ���� ± �� ± �� ��� ± �� ± �� �+

���̅
�  ���� ++ ���� ± �� ± �� 137±�� ± �� �+

• Very similar mass

• Spin 1 state has larger yields and larger width



A model-independent technique

2025/08/19 93UCAS, Wenbin Qian

• First used by Babar to search for �� ���� +, however, not fully correct

• Further developed by LHCb to search for �� ���� +

• Applied when normal resonances in ���
�  while considered new resonance in ���

�

• In each � �+�−  slices, perform Legendre expansion to certain order

Uniform Dalitz distribution 
weighted according to 

Comparison with � �−�+  offers 
information on new resonance 



Confirmation of ��,� ���� 

2025/08/19 94UCAS, Wenbin Qian

• ��,� ����  found in �+ → �+�−�+ decays, a 

nature idea is to search in �+ → �∗+�−�+ 

decays  

• Confirming ����
∗  ���� � and ����

∗  ���� � in a new decay channel �+ → �∗+���
∗

����
∗  ���� �

�� ���� ± �� ���� ± �

�� 128±�� 57±��

����
∗  ���� �

�� ���� ± �� ���� ± �

�� 92±�� 110±��

Mass and width agree within 2�This work Previous work



Branching fractions

2025/08/19 95UCAS, Wenbin Qian

• ��,� ����  found in �+ → �+�−�+ decays, a 

nature idea is to search in �+ → �∗+�−�+ 

decays  

This work Previous work

• Large difference on branching fraction ratio, further hints on structures?

• However, branching fraction ratios between spin 0 and 1 particles show tension



Isospin relationship

2025/08/19 96UCAS, Wenbin Qian

• ��,� ����  found in �+ → �+�−�+ decays, with ��,� ���� → �+�−
�� ��

�� s� �� s� ��s�

• Search in �+ → �+����
�: finding ����

∗  ���� �, but not ����
∗  ���� � to ����

� 

����
∗  ���� � → ����

�

����
∗  ���� � → �+�− = �. � ± �. �

����
∗  ���� � → ����

�

����
∗  ���� � → �+�− = �. �� ± �. ��

While 1 from Isospin symmetry?

• Similar as � → �∗���, more 
spin 0 contributions than 
spin 1



��,� ���� → �∗�?

2025/08/19 97UCAS, Wenbin Qian

• 0+ can not decay into �∗�

• �− not found in �∗−�+ decays

�� �+ → ����
∗  ���� ��+, ����

∗  ���� � → �∗−�+ < �. �% @ ��% C.L.

�� ����
∗  ���� � → �∗−�+ 

�� ����
∗  ���� � → �−�+ 

< �. �� @ ��%

�� s��+?�∗+



How about doubly charged ��� ���� ++

2025/08/19 98UCAS, Wenbin Qian

• ��� ���� ++ found in �+ → �−��
+�+ decays, a nature idea is to search in �+ → �∗−��

+�+ decays  

Around 1K signal events (4K in 
previous work)

• Main contributions from �∗ states including �� ���� , 

�� ���� , �� ���� , �� ���� , ��
∗  ����  and �� ����  etc.

• No strong evidence of ����
�  ���� ++, upper limits set on fit 

fractions to be smaller than 2.5% @ 90% CL

• Statistic matters

• Could we search in �� → �∗���
+�− decays for ��� ���� �? 



How about doubly charged ��� ���� ++

2025/08/19 99UCAS, Wenbin Qian

• ��� ���� ++ found in �+ → �−��
+�+ decays, with ��� ���� ++ → ��

+�+ 
�� ��

�� �� �� �� ����

• Search in �+ → �−�+�+ or �+ → �∗−�+�+  

�� �+ → ���� ���� ++�∗−, ���� ���� ++ →
�+�+ < �. �% @ ��% C.L.

• Negative in search ���� ���� ++  

• Work ongoing in �+ → �−�+�+ decays

• Isospin: �� → ������
� decays



��� ���� 

2025/08/19 100UCAS, Wenbin Qian

Around 11K signal events

��
0 → �0�−�+



Spin-parity of ��� ���� +

2025/08/19 101UCAS, Wenbin Qian



Alternative ways to search for resonances

2025/08/19 102UCAS, Wenbin Qian

• Spectroscopy not only can be 

studied via b decays, also from 

direct production through �� →

� + ���+,  �+��
�,  �∗+��

�,  �∗��+ 

• Resonances of ���
∗  ���� +, 

���
∗  ���� + , ���

∗  ���� +

• Care needed when studying prompt 

production (feed down, reflection, 

experimental effects on parameter 

determination etc.)



Alternative ways to search for resonances

2025/08/19 103UCAS, Wenbin Qian

�∗+��
�

�s� ���� +

�s�
∗  ���� +

�s�
∗  ���� +,  �−

�s�
∗  ���� +

NP enhanced

UP enhanced

∝sin2 �

∝1 + hcos2 �

cos � < 0.5

cos � > 0.5



Difference in two methods

2025/08/19 104UCAS, Wenbin Qian

From b decays Inclusive searches

• Less signals, but much lower background

• Full decay chain reconstructed

• Amplitude analysis to determine spin-

parity

• Easy to separate overlap resonances

• More precise mass and width 

determination (well modelled background 

and efficiency) 

• Interference properly considered

• Larger signals, but much higher 

background (feed down, reflection)

• Only considered part

• Spin-parity from helicity angle, however, 

quite limited sensitivity

• Hard to separate when resonances 

overlap 

• Mass and width not as precise as 

expected

• Hard to include interference



An example

2025/08/19 105UCAS, Wenbin Qian



�����

2025/08/19 106UCAS, Wenbin Qian

Around 30K 
signals

• Only possible to be studied in hadron 
machines



�����

2025/08/19 107UCAS, Wenbin Qian

Model I: X(6900) + 2 RWB at threshold, 

tension around 6.75 GeV

Model II: X(6900) + RWB + 

interference with NRSPS



Follow ups by ATLAS and CMS

2025/08/19 108UCAS, Wenbin Qian

Model I: X(6900) + 2 RWB at threshold (with 

interference and feed down)

Model II: X(6900) +  RWB at threshold (with 

interference of RWB to SPS)

Also consider �/� + � �� :
Model I: three resonances at di- �/� + 

additional one

Model II: only one RBW

Though statistically limited, not conclusive 

yet

Confirming X(6900) + broad structure at threshold



Follow ups by ATLAS and CMS

2025/08/19 109UCAS, Wenbin Qian

• Two models considered, with and 

without interference between RBWs

• While confirming X(6900), two new 

resonances found (third one around 4.7�, 

local)

• Also attempts for Jp (2++?)



���
+

2025/08/19 110UCAS, Wenbin Qian

����

• A new state below �∗+�� threshold found 

decaying into �����+

• Mainly from ���∗+

• Decaying to �∗��+ also found



Baryons

2025/08/19 111UCAS, Wenbin Qian

• Singly charmed/beauty baryons with orbital angular momentum � = � have all been observed;

• However, very limited results on orbital radial excitations 

��
∗∗+ → �� ���� � → ��

+�− �+ First observation

arXiv:2502.18987



Sometimes you have surprise

2025/08/19 112UCAS, Wenbin Qian

• Five new, narrow excited ��
� states observed: 

�� ���� �, �� ���� �, �� ���� �, �� ���� �, 

�� ���� �

• Feed down contributions from �� ���� � →

��
′+�−

3 fb-1

• With more data, two broad resonances 

�� ���� � and �� ���� � are found



Charmonium-like particles

2025/08/19 113UCAS, Wenbin Qian

Feng-kun Guo

• Very crowd spectra above open-charm 

threshold, much more than predicted by �� 

model

• Many JPC not determined

• Charged states (��,  ���) can’t be explained 

by �� model

• Little overlap between � decays and �+�− 

production

• …



�� ���� +

2025/08/19 114UCAS, Wenbin Qian

• First claimed by Belle in �� → � �� �+�− using 1D fit to � � �� �+ , later using 2D analysis

• However, Babar disfavors its existence using MI approach

• Smoking gun for multi-quark states

• LHCb performs a full 4D amplitude analysis, confirming its existence (several new methods 

widely used later developed  here)

• Not only �� ���� + but also gives a new resonance: �� ���� +



��

2025/08/19 115UCAS, Wenbin Qian

• First analyzed by LHCb using Run1 data, discovering for  states: �� ����  and �� ����  decaying 

to �/��, first ever generally agreed pentaquark states

Run1 data 
26K signals 



Statistic matters

2025/08/19 116UCAS, Wenbin Qian

• Further analyzed by LHCb using Run1+2 data, more structures are seen

• More is different

Run1 data 
26K signals 

Run1+2 data 
246K signals 



Statistic matters

2025/08/19 117UCAS, Wenbin Qian

• One more �� ����  seen just below ��
+�� threshold

• Previously found �� ����  becomes two narrow resonances, �� ����  and �� ����  



More pentaquark searches

2025/08/19 118UCAS, Wenbin Qian

�− → �/�Λ�

�0~4338 MeV
Γ0~7 MeV
�� = 1/2−

�0 → �/���

�0~4312 MeV
~3. �� 

Ξ�
− → �/�Λ�−

�0~4459 MeV
~3.1� 



Null results means

2025/08/19 119UCAS, Wenbin Qian

• Many searches also performed in other channels, none found either due to non-�� in the channel or 

small statistics

• However, these also provide important constraints on different models and help understand nature of 

hadrons



A decay with many exotic states

2025/08/19 120UCAS, Wenbin Qian

• First analyzed by LHCb using Run1 data, discovering for  

states: � ���� ,  � ���� ,  � ���� ,  � ����  decaying to �/
��

• Later, using full Run1+2 data, two more states decaying into 

to �/��, � ���� ,  � ����  observed together with two states, 

��� ���� +,  ��� ���� + decaying to �/��+



Puzzles around 3930 MeV

2025/08/19 121UCAS, Wenbin Qian

• � ����  less likely to be ��� ��  [1208.1134, 1410.6534] due to its small width and mass close to ��� ���� , 

while now ��� ��  is assigned to a state around 3860 MeV (not seen in �+ → �+�−�+). 

��� Mass(MeV) Width(MeV) Decays

� 3915 0++/2++ 3918.4 ± 1.9 20 ± 5 �/��, ��, ! ��

��2 3930 2++ 3922.2 ± 1.0 35.3 ± 2.8 ��, ��

Summary of previous PDG ��
+��

− threshold: 3936.68 MeV

• LHCb measurements from inclusive DD channels show difference on the 

mass and width, 2� lower mass and 2� larger width (two states or one?)

• PDG values driven by LHCb inclusive measurements

BaBar, Belle



Puzzles around 3930 MeV

2025/08/19 122UCAS, Wenbin Qian

��� Mass(MeV) Width(MeV) Decays

� 3915 0++/2++ 3918.4 ± 1.9 20 ± 5 �/��, ��, ! ��

��2 3930 2++ 3922.2 ± 1.0 35.3 ± 2.8 ��, ��

Summary of previous PDG ��
+��

− threshold: 3936.68 MeV

BaBar, Belle

• LHCb measurements with �+ → �+�−�+ also gives inputs

• Two resonances seen in DD decays, with J=0 and J=2; probably two 

in previous results

• It also puts the question whether this spin 0 particle = X(3915)? 

(PDG now said yes)

• Hard to be in 2P triplets, thus may prefer exotic nature; 



Another 0++

2025/08/19 123UCAS, Wenbin Qian

• A new state � ����  discovered in ��
+��

− final state

• Mass and width differ by around 3� and 2�, respectively

• Phase space of ��
+��

− smaller than �+�−

• Suspiciously smaller branching fraction into �+�− final states: 

different resonances or a tetraquark with ����

Nature of the three states?



21 years ago

2025/08/19 124UCAS, Wenbin Qian

• First heavy exotic candidate containing ��, opening a new field of research (���
∗  ����  and 

���
∗  ����  at the same year)

• Only around 36 signal � ����  events observed

• Aim: looking for ���� 

• Surprise: find � ����  and it is not likely to be ����

• Now: possible have ���� component



Structure of ��� ���� 

2025/08/19 125

• Properties extensively studied, usually leading to different conclusions

Mass: very close to ���∗�, ��� + ��∗� − ���� ���� = �. �� ± �. �� MeV

Width: narrow width (0.1~1 MeV)

���: �++

Decay: ���∗� (~35%), �/�� (~4%), �/�� (~3%)

Production: ��,  ��,  � decays, ��b, PbPb 

Molecular like
Charmonium like

��� ����  = �� + ���� + �� �� �� ��+

Can we determine contributions of different 
components?

UCAS, Wenbin Qian

• Important to discover new state, however, more importantly, to understand already discovered 
states



Structure of ��� ���� 

2025/08/19 126

arXiv:2406.17006
PRL124(2020)242001

� → �+�−

� → �+�−

�/� � �� 

< 0.59 @ 90 C.L.

Photon to probe its structure

��

��∗ 1.67 ± 0.25

UCAS, Wenbin Qian



Fixed target experiment

2025/08/19 127UCAS, Wenbin Qian

• LHCb could also be a fixed target experiment to study properties of QGP; i.e. study 

suppression of quarkonium production in QGP vs pp collisions

• But it could also be used to understand properties of exotic particles



��� ���� 

2025/08/19 128UCAS, Wenbin Qian

• LHCb could also be a fixed target experiment to study properties of QGP; i.e. study 

suppression of quarkonium production in QGP vs pp collisions

• But it could also be used to understand properties of exotic particles

What does it mean if 
��� ����  larger than 1 

while � ��  smaller than 1?

in heavy ion collision



2025/08/19 129UCAS, Wenbin Qian

Central exclusive production
• Collision events without any other activities except 

the studied one



2025/08/19 130UCAS, Wenbin Qian

HeRSCheL
• Scintillator with PMT (High Rapidity Shower Conter for 

LHCb)



2025/08/19 131UCAS, Wenbin Qian

• An unique environment to study QCD 
�++,  �++… �++,  �++…�−−,  �−+…

Exotic particle in CEP

• Several states seen in �+ → �/��� also seen here

• ��� ���� ,  �−−: 2.4�

• ��� ���� ,  �−−: 4.3�

• ��� ���� ,  �++: 5.5�

• ��� ���� + ��� ���� : 1.6�



Experimental inputs

2025/08/19 132UCAS, Wenbin Qian

Particle X = �� + ���� + �� �� �� ��+ +                …���

charmonium + XCharm + charm + X
Experimental tasks:

Discover more and understand them 
through production and decays

However, studies with � → ��� decays  rather limited 



C parity

2025/08/19 133UCAS, Wenbin Qian

�+ → �∗+�−�+

�+ → �∗−�+�+
�+ → ��+,  � →

�∗+�−

�∗−�+

• �+ → ��+: weak decay, violate C and P

• � → �∗�: strong decay, obey C and P symmetry

C = 1:       �∗+�− >   +  �∗−�+ >

C = −1:    �∗+�− >−  �∗−�+ >

A � → �∗+�− = � � → �∗−�+ 

A � → �∗+�− =− � � → �∗−�+ 

The first time, amplitude analysis can tell the C-parity of resonant particles, 
decaying not in the C eigenstates



Dalitz plot

2025/08/19 134UCAS, Wenbin Qian

�+ → �∗−�+�+ �+ → �∗+�−�+

• Clear difference due to interference of different C parities

• Contributions from ���
∗  seen in one channel

~���� ~����



Spectrum of � �∗� 

2025/08/19 135UCAS, Wenbin Qian

�+ → �∗−�+�+ �+ → �∗+�−�+

�� = �− 
� =+ �:   NR + �� ���� 

� =− �:   NR

�� = �++ : ��� ���� 

�� = �+ 
� =+ �:   NR + EFF+��� ���� 

� =− �:   �� ���� + �� ���� 

�� = �−− : �� + �  ���� 

Resonances well separated from each other except 1++; more theoretically motivated model for 
future analysis



Three new states

2025/08/19 136UCAS, Wenbin Qian

 �1 + �2 2 =  �1 2 +  �2 2 + 2�� �1�2
∗ 

Difference:

Decay 1:

Decay 2:

 �1 + ��2 2 =  �1 2 +  �2 2 + 2��� �1�2
∗ 

2 � − 1 �� �1�2
∗ 

Different ��: ∫�� �1�2
∗ = 0

Only interference with same JP but 
different C party remains�� = �+ 

� =+ �:   NR + EFF+��� ���� 

� =− �:   �� ���� + �� ���� 

��� ���� 

�� ���� 

�� ���� 

�: relative � parity of �2 to �1



�� ���� 

2025/08/19 137UCAS, Wenbin Qian

�� ���� : �+− 

�� = ����−��−��
+��+�� MeV

�� = ���−��−��
+��+�� MeV

��� ���� �: � =− �

�� = ����. �−�.�
+�.� ± �. � MeV

�� = �� ± �. � ± �. � MeV

�+�− →  �∗�∗ ���

�� �� : �+− 

�� = ���� MeV

�� = �� MeV

QM Predictions Significance: 9.1�

Width much larger than ��� ���� �, potential candidate for �� �� 

1+ resonance modeled by

Also prediction by 
wang et al.



�� ���� 
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�� ���� : �+− 

�� = ����. �−�.�−�.�
+�.�+�.� MeV

�� = ��−��−��
+��+�� MeV

��� ���� : �++

�� = ���� ± �−�
+� MeV

�� = �� ± � ± � MeV

�� �� : �+− 

�� = ���� MeV

�� = �� MeV

QM Predictions Significance: 6.4�

Another state ��� ����  at similar mass, however with different C 
parity; new state potentially �� �� 

��� �� : �++ 

�� = ���� MeV

�� = �� MeV



��� ���� 

2025/08/19 139UCAS, Wenbin Qian

��� ���� : �++ 

�� = ����. �−�.�−�.�
+�.�+�.� MeV

�� = ��. �−�.�−�.�
+�.�+�.� MeV

��� ���� : �++

�� = ����. �� ± �. �� MeV

�� = �. �� ± �. �� MeV

��� �� : �++ 

�� = ���� MeV

�� = ��� MeV

QM Predictions Significance: 16�

Puzzles with �� �� 

��� �� : current assigned to ��� ���� , however, not confirmed by other experiments; 
relationship with � ����  and ��� ����  not clear

��� �� : mass (width) much smaller than QM predictions; relationship with ��� ����  not 
clear 

Lattice prediction

Prediction by wang et al. and Deng et al.



�� ���� 

2025/08/19 140UCAS, Wenbin Qian

�� ���� : �−+ 

�� = ����−��−��
+��+�� MeV

�� = ���−��−��
+��+��� MeV

� ���� : ???

�� = ���� ± � MeV

�� = ��−��
+�� MeV

�� �� : �−+ 

�� = ���� MeV

�� = �� MeV

QM Predictions Significance: 10�

Mass and width consistent with 
� ���� , while JPC now 
determined

�+�− →  � ∗ � ∗  
�
�/�

�� ���� 



Confirmation of C relationship
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���,��∗+ ,0
�→�∗+�−

= CR���,��∗− ,0
�→�∗−�+

   ⇒ ���,��∗+ ,0
�→�∗+�−

= ��Δ����,��∗− ,0
�→�∗−�+

CR = 1 ⇒ Δ� = 0,    CR =− 1 ⇒ Δ� = �

2.7�
Fixed 0 



More than spectroscopy
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Flavor measurements
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Γ =  Weak   EM   QCD 

Experimental measurements

Short distance

Precisely calculated by QED

Non-perturbative

Short distance + long distance

New physics hunting

Understanding QCD at low energy

UCAS, Wenbin Qian



Tasks of flavor and hadron physics 
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• SM model very successful; 

• Still an effective theory, many unexplained phenomena; 

• Most related to flavor and hadron physics

New Physics hunting

• Matter and antimatter asymmetry 

observed in the Universe

• Origin of dark matter? New particles 

or new forces? Flavor hierarchy

Understanding QCD at low energy

Non-perturbative!

• Properties of QCD 

confinement

• Structures of hadrons

UCAS, Wenbin Qian



EW Standard Model
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• Interactions we see in EW SM

Only left handed EM part couples to both left and right handed
��3  left handed, however, Z couples to both



Yukawa
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• The mass matrix defined as 

• Diagonalize it:

• We have two eigenstates: interaction and mass eigenstates

Unitary Unitary



CKM matrix
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• The mass matrix defined as 

Unitary

CKM closely related to 
Yukawa couplings



Cabibbo angle
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• 1963, Cabibbo angle

� → � + �− + ��  � → � 
Λ → � + �− + �� � → � 20 times smaller rate

cos ��~0.2 cos2 �� +sin2 �� = 1

Lepton-hadron same strength

�        

�          �

�        

�′          �′

 
��

�   
�
�  

�
Λ 

�� ��cos �� ��sin ��

 
�
�′ 

� = �′cos ��
Λ = �′sin ��

��



GIM mechanism
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• Very small branching fraction of ��
� → �+�−, ~� × ��−� much smaller than �+ → �+��

• Cancellation of amplitudes due to unitary condition of CKM matrix

�        

�′          �′

�

Prediction of charm quark



CP violation mechanism
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• 1974, discovery of charm quark (November revolution)

• 1973,  Kobayashi and Maskawa propose third generation (needed to generate CPV, two not enough )

���

• An unitary matrix to indicate interacting strength between 
generations of quarks

• One weak phase offers CP violation in SM: ��� ≠ ���
∗

1977

1995

CKM



How hadron physics is delt with
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• Extreme case: determine all the strong parameters + EW quantities by experimental measurements; 
example: CKM angle �

• Middle scenario 1: constrain strong parameters using experimental measurements with theoretical 
assumptions; example: penguin pollution

• Middle scenario 2:  strong parameters determined from Lattice calculations; example: determination of 
CKM matrix elements through semi-leptonic decays

• Worst case: strong parameters calculated based on models, pQCD, QCDf etc; example: charmless b decays



What is angle �: unitary condition
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�

���
∗ ��� = 1 

�

���
∗ ��� = 1

 
�

���
∗ ��� = 0  

�

���
∗ ��� = 0



The CKM triangle
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How to generate CP violation
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���� ��+�� 

���� ��+�� 

�: strong phase; conserved under CP �: weak phase from CKM matrix; 
sign changed under CP

���� ��−�� 

���� ��−�� 

��� =
 � 2 −  � 2

 � 2 +  � 2 =
2�1�2sin  �1 − �2  sin  �1 − �2 

�1
2 + �2

2 + 2�1�2cos  �1 − �2 cos  �1 − �2 



Strong and weak phases
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• How CP violation is generated

• Weak phase changes sign under CP while strong does not

• However, to measure weak phase, one needs to know strong dynamics, ��/�� , and �� − ��   

• Tree-level processes: SM candle, NP normally enters loop diagrams



CKM angle �
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� � : �0 → �

� � : �0 → �

����Δ�� =  
��

��

� 3770 

�0 � 

�0 −� Charm mixing

QC data

� measurements

UCAS, Wenbin Qian

� → �: 

� → �: 



Global fit

2025/08/19 157UCAS, Wenbin Qian

• Measure CP violation in many different channels, with different strong phases and amplitude ratios in � 
decays



Global combination from LHCb
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• 19 LHCb � decay measurements + 11 � decay measurements + 27 inputs from LHCb, HFLAV, 

BESIII and CLEO-c  = 29 physics parameters of interest + additional nuisance parameters

� =  ��. � ± �. � ∘ surpass LHCb design: �∘ 

• Previous tension between ��
� and other modes 

smaller, ��
� modes still with largest uncertainty 

• Sensitivity dominated by �+ modes 

• Charm inputs crucial for � measurements

Belle + Belle II: � =  ��. �−�.�
+�.� ∘

LHCb-CONF-2024-004

UCAS, Wenbin Qian



Global combination from LHCb
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• 19 LHCb � decay measurements + 11 � decay measurements + 27 inputs from LHCb, HFLAV, 

BESIII and CLEO-c  = 29 physics parameters of interest + additional nuisance parameters

� =  ��. � ± �. � ∘ surpass LHCb design: �∘ 

• Previous tension between ��
� and other modes 

smaller, ��
� modes still with largest uncertainty 

• Sensitivity dominated by �+ modes 

• Charm inputs crucial for � measurements

Belle + Belle II: � =  ��. �−�.�
+�.� ∘

LHCb-CONF-2024-004

UCAS, Wenbin Qian



Observation of CP violation in B decays
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��� � =
� �� → ��� − � �� → ��� 
� �� → ��� + � �� → ��� 

≈ ���� �� ⋅ � 

�~

CKM mechanism of CP violation established



CKM angle � 
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• Angle � enters through �� ↔ �� mixing 

�0

�0

�/���
0

+2�

�
��

 ��

��
 =    � − �

2
Γ   ��

��
 

��� � =
� �� → ��� − � �� → ��� 
� �� → ��� + � �� → ��� 

 

≈ ���� �� ⋅ � 



CKM angle � 
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• Angle � enters through �� ↔ �� mixing 

�0

�0

�/���
0

+2�

2���� = 2� + ������ + ����

• Use ��
� → �/���

� to control penguin pollution 

(penguin enhanced progress)

• Alternative approach, penguin free decays



CKM matrix elements
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•  ��� : superallowed nuclear � decays

•  ��� : � → ���,  � → ��, � → �� etc. + form factors, decay constants

•  ��� ,   ��� : (semi-)leptonic charm decays + Lattice inputs

•  ��� ,  ��� : (semi-)leptonic B decays + Lattice inputs

•  ��� ,   ��� : ���,  ��� + bag parameters, decay constants

From S. Descotes-Genon



General on magnitude measurements
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• Leptonic decays, only need decay constant of the decaying particle

Precise BF measurements

• Semi-leptonic decays, form factor needed (2 when P is Pseudo-scalar, more for vector and fermions)

BF as function of ��

• Meson mixing, decay constant and bag parameters

Δmq =  
��

2

6�2  ���
∗ ��� 

2��
2 �0 �� �����

2 �����



Puzzles on  ���  and  ��� 
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• Long saga of ��� and ��� puzzles from inclusive 

and exclusive measurements

• Disaster for new physics searches if we don’t 

understand CKM elements precisely 

A. Buras



Semi-leptonic decays at LHCb
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• Not like �+�− machine, very complicated, however, not entirely impossible

pp
�/Λ�

0 /�∗

�

�/Λ�
+

�+

�

�

Two-fold ambiguity



Results
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• Two new measurements, one  ��� / ���  from �� → ���� vs �� → ��
−�+��

LQCD

LCSR

• Discrepancy found in high and low q2 region with different form factors, further investigation from both 

experimental and theoretical parts needed



Measurement of ���
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• Measured using ��
� → ��

−�+, �� → � ∗ ���

Precision of 0.38% and 0.12%!!!

Δmq =  
��

2

6�2  ���
∗ ��� 

2��
2 �0 �� �����

2 �����,       �� =  
��

2

��
2

�0 � = �  
1
4 +

9
4

1
1 − � −

3
2

1
 1 − � 2 −

3
2  

�
1 − � 

3
ln� 

• Uncertainties mainly from Bag parameters (3%) obtained from lattice

• Large reduction of uncertainties by making ratios of the two 



Beautiful CP violation pattern (direct CP violation)
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Two body decay Three body decay

More freedom to study 
CP violation

Important to understand CP violation phenomena and 
search for new physics

CP violation as large as 80%

PRL 112 (2014) 011081



A new type of CP violation
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PRL 124 (2020) 031801
PRD 101 (2020) 072006



Methodology of ��� measurements at LHCb 
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���
� =  

Γ Λ�
0 → � − Γ Λ�

0 → � 
Γ Λ�

0 → � + Γ Λ�
0 → � 

�Raw
� =

� Λ�
0 → � − � Λ�

0 → � 
� Λ�

0 → � + � Λ�
0 → � 

Physical quantity of interests

What we see directly from 
mass plots 

Experimental effects

See laterPreliminary



Methodology of ��� measurements at LHCb 
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���
� =  

Γ Λ�
0 → � − Γ Λ�

0 → � 
Γ Λ�

0 → � + Γ Λ�
0 → � 

�Raw
� =

� Λ�
0 → � − � Λ�

0 → � 
� Λ�

0 → � + � Λ�
0 → � 

�P
Λ�

0
=

� Λ�
0 − � Λ�

0 
� Λ�

0 + � Λ�
0 

�D
� =

� � − � � 
� � + � � 

Physical quantity of interests

What we see directly from 
mass plots 

���
� = ����

� − ��
��

�
− ��

�

Experimental effects Production asymmetry Detection asymmetry



Control channel for ��� measurements
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���
� = ����

� − ��
��

�
− ��

�

Signal channel

���
� = ����

� − ��
��

�
− ��

�

Control channel

���� = ����� − ���
��

�
− ���

��
� → ��

+ → ��+ �−

���~�

Similar topology

���
��

�
: mostly canceled, small residual due to kinematic 

difference induced by selections

���: mostly canceled, small residual due to 
kinematic difference induced by selections or particle 
type difference (K vs �)



Production asymmetry
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�P
Λ�

0
=

� �� → Λ�
0 − � �� → Λ�

0 
� �� → Λ�

0 + � �� → Λ�
0 

LHCb-PAPER-2021-016

• Production asymmetry of ��，

dominated by gg fusion

• Hadronization asymmetry of ��
� and 

��
� in pp collisions

• �� : 1~2% , measured by LHCb as a function of y, ��

• ��� ~ �. �%, with uncertainties around 0.2%: consistent with 0



Detection asymmetry
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�D
� =

� � − � � 
� � + � � 

• Matter, antimatter interact with detector (made by 

matter) differently

• �:  different combinations of �,  �,  � etc.

• Including effects from reconstruction of particles, PID, 

trigger effects; ��
ℎ = ����

ℎ + ����
ℎ + ����

ℎ ,  ℎ = �,  �,  �

Significantly reduced 
using control channel 

• Obtained using data-driven method with calibration channels
���: ~1%



Evidence of CP violation
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��
� → ��+�−

���� = �. ��� ± �. ��� ± �. ���

First evidence of CP violation, 3.1�

Three body decays, need to know which resonance contributes

PRL 134 (2025) 101802



Looking into Dalitz plot (��
� → ��+�−)

2025/08/19 177UCAS, Wenbin Qian

���� �∗+�− = �. ��� ± �. ��� ± �. ���
First evidence of CP violation in 

local resonant region, 3.2�

���� �� = �. ��� ± �. ��� ± �. ���
Consistent with 0 within 2.5�

Predicted CPV (resonant), ~1.5%
PRD107 (2023) 053009

Preliminary

region

PRL 134 (2025) 101802

https://doi.org/10.1103/PhysRevD.107.053009


Observation of CP violation in baryon decays
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CP symmetry violated by more than 5�

LHCb-PAPER-2024-054



CP violation in ��
� → �/��� decays
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��
� → �/���− 

��
� → �/���− 

• A significance of 3.3�, when 

combining with Run 1 result, it 

reaches 3.9�

• CP violation seen in a channel where 

pentaquark is found!



Global CKM fit results
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• With all these measurements and theoretical inputs from Lattice QCD, new updates on global fit performed

• Better constrain due to improved measurements of CKM angle � and �

• Global consistency looks good 

• Offers precise predictions on New Physics sensitive processes
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Matter and antimatter asymmetry
Primordial abundance

� =  
��

��
~10−10

• “Visible” world dominated by matter

• Big-Bang Nucleosynthesis and Cosmic Microwave Background all 

indicate large matter-antimatter asymmetry in Universe: 

• No yet fully understood:

After inflation
Matter = Antimatter

Today
Matter dominated

PLB667 (2008) 1

�

http://pdg.lbl.gov/index.html
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Possible explanations
• Matter != Antimatter before big bang? 

• Non-observed antimatter dominated regions?

• Photons produced by annihilation at boundary not observed

• Observed cosmic rays in space not supporting this scenario

• Need explanations for separation  

• Sakharov conditions for a baryon-generating interaction:

• Baryon number violation (not yet observed )

• C-symmetry and CP-symmetry violation

• Interactions out of thermal equilibrium (condition 1, 2 may not be reversed)
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EW Baryogenesis
• Sakharov conditions: CP violation need

• In SM, offered by CKM matrix

�� − ��

��
~

��

��
~

� × �� × ��

�12

PRL 55 (1985) 1039
CKMfitter

�� =  ��
2 − ��

2  ��
2 − ��

2  ��
2 − ��

2 

�� =  ��
2 − ��

2  ��
2 − ��

2  ��
2 − ��

2 
�~ 3 × 10−5 ��−�� ≪ ��−��

Far smaller than observed 
matter antimatter asymmetry 

in Universe 

Need new mechanism
  EW Scale:
�~��� ���

Jarlskog invariant:

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039
http://ckmfitter.in2p3.fr/
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EW Baryogenesis
• Sakharov conditions: CP violation need

• In SM, offered by CKM matrix

�� − ��

��
~

��

��
~

� × �� × ��

�12

PRL 55 (1985) 1039
CKMfitter

�� =  ��
2 − ��

2  ��
2 − ��

2  ��
2 − ��

2 

�� =  ��
2 − ��

2  ��
2 − ��

2  ��
2 − ��

2 
�~ 3 × 10−5 ��−�� ≪ ��−��

  EW Scale:
�~��� ���

Jarlskog invariant:

More data needed to 
resolve the puzzle by over 
constraining CKM triangle

Far smaller than observed 
matter antimatter asymmetry 

in Universe 

Need new mechanism

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039
http://ckmfitter.in2p3.fr/


Why CKM precision test important
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Is current precision enough? No

������
∗ + ������

∗ + ������
∗ − 1

=  0.00012, − 0.00295   3� 

10−5

Unitarity: only requirement in SM

Cabbibo anomaly? From A. Buras

Disaster for new physics searches 
if CKM elements not precise

CKMfitter

Mass eigenstate vs interaction eigenstate

UCAS, Wenbin Qian



Ways towards new physics
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• Two main streams: direct search and indirect search through precision measurements

• Examples in history: many beyond “current” model new physics first found through indirect 

search



Precision measurements
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• Sensitive to New Physics scale much higher than direct search: 1-104 TeV

• Statistics or precision is key for flavor program: New Physics scale, i.e. Dim = 6, ∝ �/ �����������

• Also “tasteful”, not only can tell there is New Physics, but also tell properties of New Physics 

based on flavor it couples to

arXiv:1910.11775

国科大 钱文斌



Flavor anomalies
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� � − � �∗  anomaly: new physics at tree level?

� � ∗  =  
ℬ � → � ∗ −�+�� 
ℬ � → � ∗ −�+�� 

Deviation significance: 3.3�

LFU:� vs �,  �?

Anomaly at � → � transitions

� �, �∗ =  
ℬ � → � ∗ �+�− 
ℬ � → � ∗ �+�− 

国科大 钱文斌

• LFU test at � → � transitions between first and second generation (��, �∗) disappear

• Crucial: to understand charm loop contribution 

still 2-3� deviation, new 
results consistent



FCNC and charm loop

2024/08/17 189国科大 钱文斌

FCNC in Standard Model FCNC in new physics

Charm loop

c
c



LFV searches
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• No matter the results from LFU, still extremely important to search for LFV

� �+ → �+� < ��−��

Decay Best upper limit (90% C.L.) Experiment
�+ → �+� �. � × ��−�� MEGII

�−� → �−� �. � × ��−�� SINDRUM

�+ → �+� �. � × ��−� Babar

�+ → �+� �. � × ��−� Belle

�+ → �+�−�′+  �. �~�. � × ��−� Belle (II)

�+ → ��+ �. � × ��−�� Mu3e

�� → �±�∓ �. � × ��−� ATLAS

�/� → �±�∓ �. � × ��−� BESIII

�/� → �±�∓ �. � × ��−� BESIII

• SM contributions negligible

• Currently negative results

• Future experiments from 

COMET, Mu2e, Mu3e, Belle 

II, LHCb, ATLAS, CMS and 

BESIII will further improve 

their strength to NP

国科大 钱文斌



Most important: more data coming
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New 
pixel 
Velo

New UT New 
SciFi

Removed M1 
and new 
readout

New RICH optics and PMS
Removed PS/SPD and 

new readout

Similar PID 
performance

Twice trigger efficiencies (hadronic)

• With our new LHCb detector, already collected more data than Run1+2

• More importantly, full software trigger ➜ better performance on hadronic final states



Prospects
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2015-2018

Run2 LS2 LS3Run3 Run4 Run5-6LS4
2019-2022 2022-2025 2025-2029 2029-2032 2032-2035 2035-future

23 fb-1 50 fb-1 300 fb-1

Phase I
Upgrade

Phase II
Upgrade

Phase Ib
Upgrade

Run 1

0.4 ab-1 50 ab-1

LHCb

Belle II

LS1 Run 2

2019-2022 2024-2027

LS1

15 ab-1

Run 3

HL-LHC

CMS/ATLAS 200 fb-1 3000 fb-1

BESIII/super �-charm/CEPC BEPCII upgrade + running of super �-charm/CEPC

upgrade

250 ab-1

UCAS, Wenbin Qian



Next LHCb detector from 2030

2025/08/19 UCAS, Wenbin Qian



Future of flavor and hadron physics

2025/08/19

1995 2023 2040?

UCAS, Wenbin Qian

Either we found New 
physics or we 

understand QCD at low 
energy



Thank you for your attention!
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How to read antimatter?
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• � < ��: � + �− moving into each other

• � = ��: � → �+ + �−

• �� < � < ��: �+ coming from future time 

��, while �− moving in the direction of 

time

• � = ��: �+ + �− → �

• � > ��: : � + �− moving away from each 

other

Same particle, but travel backwards in time

Compton scattering 


