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——A personal perspective



Importance of heavy quark physics

B-meson dynamics is an especially simple way in 

principle of learning about the properties of single, 

constituent quarks.                            —— Bjorken
• Study on CP violation

• Precisely testing the SM

• Searching for NP
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Era of high precision

B-meson dynamics is an especially simple way in 

principle (alas, not so much in experimental 

practice) of learning about the properties of 

single, constituent quarks.      —— Bjorken (1996)
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Era of high precision
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Much progress achieved thanks to experiment and theory

• Test on Unitarity Triangle

(2003 → 2024)

2003
2024

• Discovery on doubly-heavy baryon

(2017)

Era of high precision
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Flavor anomalies and puzzles

The |𝑽𝒖𝒃| and |𝑽𝒄𝒃| puzzleLFU violation in 𝑹 𝑫 ∗

𝑩 → 𝝅 𝝅 puzzle

𝑩 → 𝑲(∗)ℓℓ anomoly

𝐵𝑟 𝐵0 → 𝜋0𝜋0 = 1.55 ± 0.16 × 10−6

Much larger than theoretically calculated.

𝑩 → 𝝅 𝑲 puzzle

Δ𝐴𝐶𝑃 𝜋𝐾 = 𝐴𝐶𝑃 𝜋0𝐾− − 𝐴𝐶𝑃 𝜋+𝐾−

= 11.3 ± 1.2 %

9𝜎 deviation from isospin limit.

𝑩 → 𝑲 𝑲 puzzle

𝑩 → 𝑫𝒒
∗

𝑳 puzzle

… …
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Weak Hamiltonian and hadronic matrix elements

Standard starting point for theoretical calculations. 

ℋeff =
𝐺𝐹

2
σ𝑖 𝐶𝑖𝑂𝑖+ σ𝑖 𝐶𝑖

′𝑂𝑖
′

• Wilson coefficients 𝑪𝒊: perturbatively calculable.

• Hadronic matrix elements 𝒇|𝑶𝒊|𝑩 : essentially nonperturbative quantities.

Factorization 
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Factorization methods 

• Naïve factorization and Generalized factorization 

[Cheng etc., Ali, Kramer, Lü (1998)][BSW (1985)]

𝑀1𝑀2 𝑂𝑖| ത𝐵 = C1FB→𝑀1𝑓𝑀2
+ 𝐶2FB→𝑀2𝑓𝑀1

• QCD factorization and SCET 

[Bauer et.al, (2001)] [Beneke, Buchalla, Neubert, Sachrajda (1999)]

𝑀1𝑀2 𝑂𝑖| ത𝐵 = FB→𝑀1Ti
I ⊗ 𝜙𝑀2

+ Ti
II ⊗ 𝜙𝐵 ⊗ 𝜙𝑀1

 ⊗ 𝜙𝑀2

• Perturbative QCD (PQCD)

[Li, Lü, Xiao etc.]

𝑀1𝑀2 𝑂𝑖| ത𝐵 = 𝐻 ⊗ 𝜙𝐵 ⊗ 𝜙𝑀1
 ⊗ 𝜙𝑀2

⊗ e−σ𝑆𝑖
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The LCDA of light meson

B-meson LCDA

The LCDA of light hadron

• 𝜋 and 𝐾 distribution amplitude from lattice QCD: 

Hua, Wang, JX, Zhang et.al, PRL 129 (2022)

• Distribution amplitude of 𝐾∗ and 𝜙 from Lattice 

QCD: Hua, Wang, JX, Zhang et.al, PRL 127 (2021)

• NNLO QCD corrections to pion electromagnetic 

form factors: Chen, Chen, Feng, Jia, PRL 132 (2024)

• NNLO QCD Prediction for the Pion Form Factor: Ji, 

Wang, Wang, Wang et.al, PRL 134 (2025)

• Lattice QCD calculation of the pion distribution 

amplitude: Baker, Zhao et.al, JHEP 07 (2024) 

[Jun Hua’s talk]

High precision predictions rely on reliable knowledge on 

nonperturbative inputs
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• The 𝑩 → 𝑷 and 𝑩 → 𝑽 form factors

• The rare 𝑩 → 𝑲ℓℓ decay



Structure of heavy meson

A heavy flavor meson consists of a pair of heavy and light quarks.

LCDA describes the momentum distribution 

amplitude of the light quark.

Together, they provide the most essential information about the profile of heavy mesons. 

SF characterizes the momentum distribution 

function of the heavy quark.

Shape functionLight-cone distribution function
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The |𝑽𝒖𝒃| Puzzle

The 𝑽𝒖𝒃  tension

via 𝐵 → 𝑋𝑢 ℓ 𝜈

via 𝐵 → 𝜋 ℓ 𝜈

[PDG (2024)]

[PDG (2024)]

• The inclusive process: 𝐵 → 𝑋𝑢 ℓ 𝜈 • The exclusive process: 𝐵 → 𝜋 ℓ 𝜈

[Neubert et.al, NPB 699 (2004)] [Khodjamirian et.al, PRD 75 (2007)] 11/30



Importance of heavy meson LCDA and SF

The form factors for 𝐵 → 𝐾∗ and 𝐵 → 𝜋 

[Gao, Lü, Shen, Wang, Wei, PRD 101 (2020)]

   [Cui, Huang, Shen, Wang, Wang, JHEP 03 (2023)]

The lepton energy spectrum for 𝐵 → 𝑋𝑢ℓ𝜈 

and 𝑩𝒓 for 𝐵 → 𝑋𝑠𝛾

The nonperturbative contribution dominated by the 

shape function is the largest source of uncertainty, 

accounting for ~ 60-70%.

[Bosch, Lange, Neubert, Paz, NPB 699 (2004)]

[Czakon, Fiedler, Huber, et.al, JHEP 04 (2015)]
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Our knowledge on LCDA

2001

2003

2005 2013

Equation of motion
[Kawamura, Kodaira, 

Qiao, Tanaka, PLB 523 

(2001)]

Evolution equations
[Lange, Neubert, 

PRL 91 (2003)]

Perturbative 

constraint for large 𝝎
[Lee, Neubert, PRD 72 

(2005)]
2008

Subleading 

Evolution equations
[Bell, Feldmann, 

JHEP 04 (2008)]

Solution of 

evolution equations
[Bell, Feldmann, Wang 

and Yip, 

JHEP 11 (2013)]
2019

Two loop RG 

equations
[Braun, Ji, Manashov, 

PRD 100 (2019)]

2020

LCDA in QCD and 

HQET
[Ishaq, Jia, Xiong, 

Yang, PRL 125 (2020); 

Beneke, Finauri, Vos, 

Wei, JHEP 09 (2023)]
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Our knowledge on SF

2004

2005

2008 2019

Evolution equations
[Bauer, Manohar, PRD 70 

(2004)]

Perturbative 

constraint for large 𝝎
[Bosch, Lange, Neubert, 

Paz, NPB 699 (2005)]

Relation between 

LCDA and SF 
[Yaouanc, Oliver, Raynal, 

PRD 77 (2008)]
2009

TMD shape functions 

for quarkonia
[Echevarria, JHEP 10 

(2019)]
2025

Renormalization of 

the subleading SF
[Bartocci, Böer, Hurth, 

JHEP 04 (2025)]

Two loop in SF region 
[Beneke, Huber, Li, NPB 

811 (2009)]
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But we do not have the accurate LCDA and SF

Comparing several phenomenological models

There are considerable differences between various models

Shape functionLight-cone distribution amplitude
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Lattice QCD with LaMET

[Wang, Wang, JX, Zhao, PRD 102 (2020)]

[JX, Zhang, PRD 106 (2022)]

[JX, Zhang, Zhao, PRD 106L (2022)]

[Hu, Wang, JX, Zhao, PRD 109 (2024)]

[Hu, JX, Zhao, EPJC 84 (2024)]

[Han, Wang, JX, Zhang, et.al, PRD 111, 3 (2025)]

[Han, Wang, JX, Zhang, et.al, PRD 111, 11 (2025)]

[Wang, JX, Zhang, Zhao, PRD 112 (2025)]

One-step factorization: 

Two-step factorization: 
16/30



Lattice QCD with LaMET

Space-like to Light-like:

Integrating different scales: 

[Yan-Bing Wei’s talk]
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Lattice QCD with LaMET

• Matching between quasi-DA to LCDA in QCD  

• Matching between LCDA in QCD to HQET  

• Lattice simulation  

• Matching between quasi-SF to SF in QCD  

• Matching between SF in QCD to HQET  

• Lattice simulation

[Han, Wang, JX, Zhang, et.al, PRD 111, 3 (2025)]

[Han, Wang, JX, Zhang, et.al, PRD 111, 11 (2025)]

[Wang, JX, Zhang, Zhao, PRD 112 (2025)]

[Qi-An Zhang’s talk]

Light-cone distribution amplitude Shape function
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Lattice QCD in heavy quark physics

The |𝑽𝒖𝒃| and |𝑽𝒄𝒃| puzzleLFU violation in 𝑹 𝑫 ∗ 𝑩 → 𝑲(∗)ℓℓ anomoly

Offering the first-principle results of nonperturbative quantities in heavy quark physics 

• 𝐵𝑠 → 𝐷𝑠
∗ form factors for the full 𝑞2 range 

from lattice QCD: HPQCD collaboration, 

PRD 105 (2022)

• |𝑉𝑢𝑏| from 𝐵 → 𝜋ℓ𝜈 decays and (2+1)-

flavor lattice QCD: Bailey et.al, PRD 92 

(2015)

• 𝐵𝑠 → 𝐷𝑠 form factors form factors for the 

full 𝑞2 range from lattice QCD: HPQCD 

collaboration, PRD 105 (2020) 

• 𝐵 → 𝐷ℓ𝜈 form factors at nonzero recoil:  

MILC collaboration and HPQCD 

collaboration, PRD 92 (2015)

• Semileptonic form factors for 𝐵 → 𝐷∗ℓ𝜈 at 

nonzero recoil: MILC collaboration, EPJC 

82 (2022)

• 𝐵 → 𝐷∗ and 𝐵s → 𝐷𝑠
∗ form factors for the 

full q2 range: HPQCD collaboration, PRD 

109 (2024)

• Rare decay 𝐵 → 𝐾ℓℓ form factors from 

lattice QCD: HPQCD collaboration, PRD 

88 (2013)

• SM predictions for 𝐵 → 𝐾ℓℓ and 𝐵 → 𝐾𝜈𝜈 

from Lattice QCD: Parrott, Bouchard, 

Davies, PRD 107 (2023)

[Lei-Yi Li’s talk]

[Yu Meng’s talk] 19/30



Power correctionsLoop corrections

Nonperturbative inputs

High precision

Precise theoretical prediction
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Precise theoretical prediction: Loop corrections

• 𝐵 → 𝐾, 𝜋 ℓ+ℓ− is an important probe for studying flavor-

changing processes and new physics signals in the Standard 

Model.

• Using SCET, the contributions of weak annihilation processes 

have been systematically calculated at NLO.

[Huang, Shen, Wang, Wang, PRL 134 (2025)]

Σ𝐶𝑖  ℍ𝑖 ⊗ 𝕛|| 

𝒬𝒞𝒟 → 𝒮𝒞ℰ𝒯I → 𝒮𝒞ℰ𝒯II

NLO weak-annihilation correction to rare 𝑩 → 𝑲, 𝝅 ℓ+ℓ− decays
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Precise theoretical prediction: Power corrections

Deciphering the long-distance penguin contribution to  ഥ𝑩𝒅,𝒔 → 𝜸𝜸 decays

• These processes offer a remarkably clean environment to 

address the intricate strong interaction mechanism.

• The leading-power contribution has been investigated in QCD 

factorization approach. However, the long-distance penguin 

contribution has not been considered before.

• The power counting

• A new B-meson LCDA

[Qin, Shen, Wang, Wang, PRL 131 (2023)]

𝑚𝑏 ≫ 𝑚𝑐 ∼ 𝑚𝑏Λ𝑄𝐶𝐷 ≫ Λ𝑄𝐶𝐷
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Theoretical efforts and progress

LFU violation in 𝑹 𝑫 ∗ The |𝑽𝒖𝒃| and |𝑽𝒄𝒃| puzzle𝑩 → 𝑲(∗)ℓℓ anomoly

Era of high precision, challenges and opportunities 

• NLO weak-annihilation correction to rare 

𝐵 → 𝐾, 𝜋 ℓ+ℓ− decays: Huang, Shen, 

Wang, Wang, PRL 134 (2025)

• Precision calculations of 𝐵 → 𝐾∗ form 

factors from SCET sum rules: Gao, Meißner, 

Shen, Li, PRD 112 (2025)

• Renormalization-group evolution for the 

bottom-meson soft function: Huang, Ji, 

Shen, Wang, Wang, Zhao, PRL 133 (2024)

• Deciphering the Long-Distance Penguin 

Contribution to ത𝐵𝑑,𝑠 → 𝛾𝛾 decays: Qin, 

Shen, Wang, Wang, PRL 131 (2023)

• The rare decay 𝐵+ → 𝐾+ℓ+ℓ−(𝜈 ҧ𝜈) under 

the QCD sum rules approach: Tian, Fu, 

Zhong, Wang, Wu, PRD 111 (2025)

……

• Investigating the ratio of CKM matrix 

elements |𝑉𝑢𝑏/𝑉𝑐𝑏|: Zhong, Fu, Wu, PRD 

105 (2022)

• Extracting IM of LCDA and |𝑉𝑢𝑏| from 

𝐵 → 𝑃 form factors: Li, Lü, Meißner, Gao, 

In progress

......

• Shedding new light on 𝑅(𝐷∗): Cui, Huang, 

Wang, Zhao, PRD 108 (2023)

• On sum rules for semi-leptonic 𝑏 → 𝑐 and 

𝑏 → 𝑢 decays: Li, Yang, et.al, JHEP 07 

(2025)

• Probing semileptonic decay with new 

physics effects in the PQCD approach: 

Zhang, Sun, Xing, Zhu, PRD 111 (2025)

• Global fit to 𝑏 → 𝑐𝜏𝜈 anomalies as of  

Sping 2024: Iguro, Kitahara, Watanabe, 

PRD 110 (2024)

• Analysis of charmed B meson decays 𝐵 →
𝐷: Ou-Yang, Li, Zhou, PRD 112 (2025)

• Semileptonic and nonleptonic ത𝐵𝑠 → 𝐷𝑠𝐽  

decays: Qi, Li, Zhao, EPJC 85 (2025) 

……
[Dong Hao Li’s talk]
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Theoretical efforts and progress

Era of high precision, challenges and opportunities 

Nonleptonic 𝑩 decaysLeptonic 𝑩 decays

• Factorization and Sudakov resummation in 

leptonic radiative B decay: Galda, Neubert, 

Wang, JHEP 07 (2022)

• QCD factorization for the 𝐵 → 𝛾ℓ𝜈 decay 

beyond leading power: Cui, Shen, Wang, 

Wei, EPJC 85 (2025)

• QED corrections to 𝐵𝑞 → 𝜏+𝜏−: Huang, 

Shen, Zhao, Zhou, JHEP 10 (2023)

……

• Study of the 𝐵+ → 𝜋+(𝜋+𝜋−) decay in 

PQCD approach: Chang, Yang, Zou, Li, EPJC 

84 (2024)

• Systematic analysis of 𝐵𝑠 → 𝑆𝑃 decays in 

perturbative QCD approach: Zou, He, Wang, 

Li, EPJC 85 (2025)

• NLO order QCD corrections to 𝐵𝑐
∗ → 𝐽/𝜓 

form factors: Chang, Tao, Xiao, Zhu, PRD 

111 (2025)

• Study of 𝐵 → 𝑃𝑃 decays in the modified 

PQCD approach: Lü, Wang, Yang, PRD 110 

(2024)

• On the equivalence of Flavor SU(3) analyses 

of 𝐵 → 𝑃𝑃 decays: Shi, Wang, JX, ePrint: 

2505.21283

• Form factors of light pseudoscalar mesons 

from the  PQCD approach: Chai, Cheng, 

JHEP 06 (2025)

……[Si-Hong Zhou’s talk]
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Heavy baryon CP violation

A milestone in particle physics: First observation of baryon CP violation

[LHCb, Nature 643, 8074 (2025)] 25/30



Heavy baryon CP violation

Experiment Theory

𝜦𝒃
𝟎 → 𝒑𝑲𝑺

𝟎𝒉−,     LHCb, JHEP 04 (2014)

𝜦𝒃
𝟎 → 𝒑𝝅−𝝅+𝝅−,     LHCb, Nature Phys. 13 (2017)

𝜦𝒃
𝟎 → 𝒑𝝅−𝑲+𝑲−,     LHCb, Nature Phys. 13 (2017)

𝜦𝒃
𝟎 → 𝒑𝒉−,     LHCb, PRD 11 (2025)

𝜦𝒃
𝟎 → 𝜦𝒉+𝒉−,     LHCb, PRL 134 (2025)

𝜦𝒄
+ → 𝒑𝒉+𝒉−,      LHCb, JHEP 03 (2018)

𝚵𝒄
+ → 𝒑𝑲−𝝅+,     LHCb, EPJC 80 (2020)

𝜮𝟎 → 𝜦 𝝅𝟎,     BESIII, PRD 108 (2023)

𝜮𝟎 → 𝜦 𝜸,     BESIII, PRL 133 (2024)

𝜦𝒄
+ → 𝒑𝒉+𝒉−, 𝚵𝒄

+ → 𝚺+𝒉+𝒉−,  Belle II collaboration

𝜦𝒄
+ → 𝜦𝒉+, 𝜦𝒄

+ → 𝜮𝟎𝒉+,     Belle, Sci.Bull. 68 (2023)

……

A novel strategy for searching for CPV in the 

baryon sector: Zhang, Guo, JHEP 07 (2021)

New extraction of CPV in b-baryon decays: Geng 

et.al, PLB 834 (2022)

Searching for CP violation in four-body decays of 

bottom and charmed baryons: Zhang, PRD 107 (2023)

Estimates of CPV observables in Λ𝑏 decay: Zhou et.al, 

PRD 107 (2023)

Possible large CP violation in charmed Λ𝑏 decays: 
Yu, Wang, Qin, PRD 108 (2023)

Complementary CPV induced by T-odd and T-even 

correlations: Wang, Qin, Yu, PRD 111 (2025)

Establishing CP Violation in b-Baryon Decays: Han,

Li, Xiao, Yu et.al, PRL 134 (2025)

……

[Tian-Liang Feng’s talk]

[Zhi-Peng Xing’s talk]
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Heavy baryon CP violation

Mixing between Tree and Penguin Using data from SAID program Good agreement

[Wang, Yu, CPC 48 (2024)]

27/30Good agreement between theory and experiment

• Studying the processes of Λ𝑏
0 → 𝑝𝜋+𝜋− ℎ− and (𝑝𝜋0)ℎ− with ℎ− = 𝑝 or 𝐾.

• The global CPV of the above processes in the invariant mass regions of 𝑁𝜋 scatterings are at the order of 

several percent. 



Heavy baryon CP violation

[Han, Yu, Li, Li, Wang, Xiao, Yu PRL 134 (2025)] [Jia-Jie Han’s talk]

Cancellation between different partial wave CPVs. 
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Topics not included

• Multi-body B decays

• Inclusive decays of heavy quarks

• Hadronic B decays in PQCD

• The charm physics

• Heavy quarkonium

• Heavy quark exotics

• NP in heavy flavor physics

……  

[Qin Qin’s talk]

[Rui Zhou’s talk]

[Rui-Lin Zhu’s talk]

[Xiang-Peng Wang’s talk]

[Ya Li’s talk]

[Zi-Qiang Chen’s talk]

[Xiao-Hui Hu’s talk]

[Xing-Bo Yuan’s talk]

[Shan Cheng’s talk]
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Summary

• Heavy quark physics is now entering a precision era, thanks to advances in both 

experiment and theory.

• Several anomalies and puzzles between experiment data and theoretical calculations in 

SM are observed.

• Through efforts in nonperturbative inputs, loop corrections and power corrections, 

theoretical predictions will match the precision of experimental data. Providing crucial 

support for understanding QCD and hadron structure, as well as searching for new 

physics.

Thanks！ 30/30
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𝑩 → 𝝅 𝝅 puzzle

𝑩 → 𝝅 𝑲 puzzle

𝑩 → 𝑲 𝑲 puzzle

𝑩 → 𝑫𝒒
∗

𝑳 puzzle



• The definition on SF defined in HQET

The variable has support −∞ < 𝜔 < ഥΛ, with ഥΛ = 𝑚𝐵 − 𝑚𝑏. “Fermi motion” of the heavy quark.

• The definition on LCD defined in HQET

Here ℎ𝑣 is the heavy quark field defined in HQET. The variable has support 0 < 𝜔 < ∞.

33/26

[Grozin, Neubert, PRD 55 (1997)] 

[Neubert, PRD 49 (1994)] 
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➢ The LCDAs are defined on the light-cone. [Grozin, Neubert, PRD 55, 272-290 (1997)] 

➢ Non-negative moments ׬ 𝑑𝑘 𝑘𝑛𝜑𝐵
+(𝑘) for 𝑛 = 0, 1, 2 … are not related to matrix elements 

of local operators.

36

Cannot get 𝛗𝐁
+ by their moments

[Braun, Ivanov, Korchemsky, PRD 69, 034014 (2004)]
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Cusp divergence: 

𝑣2 = 1

𝑛2 = 0

✓ 𝑛2 ≠ 0, still heavy quark field ℎ𝑣

✓ 𝑛2 ≠ 0 , and No ℎ𝑣: QCD heavy quark 
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➢ Two-step factorization to access heavy meson LCDA.

Quasi-DA in QCD LCDA in HQET

LCDA in QCD

(𝑃𝑧, 𝑚𝐻 , ΛQCD) (ΛQCD)

(𝑚𝐻 , ΛQCD)

⇒ Hierarchy 𝚲𝐐𝐂𝐃 ≪ 𝒎𝑯 ≪ 𝑷𝒛: 

A big challenge for lattice simulation but still calculable on the lattice

𝒎𝑯𝜦𝑸𝑪𝑫~ hundreds MeV  ≪ ≪ 𝑷𝒛 can achieve 4 GeV currently

1 GeV 5 GeV𝑚𝐷  ⋯  1.6𝑚𝐷
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➢The factorization formula between 𝑆QCD and 𝑆HQET.

➢Expand the shape functions and matching coefficient,

(peak region)

(tail region)

Page 17
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➢The matching function at one-loop

1. This result implies the validity of the factorization formula.

2. The plus distributions cancel out in the matching, yielding remarkably simple form of 

factorization formula.

3. The “refactorization framework” developed in this work is in a similar spirit to LCDAs 

defined in QCD and HQET.
[Yu Jia, De-Shan Yang et.al, PRL, 125 (2020)] [Beneke, Yan-Bing Wei et.al, JHEP, 09 (2023)]
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➢ First inverse moment (IM)

✓ We determine the IM by employing a model-independent parametrization formula.

42

[PRD 55, 272 (1997)]

[e-Print: 2403.17492]

[PRD 98, 112016 (2018)]

[JHEP 10, 043 (2020)]

[PRD 72, 094082 (2005)]

[PRD 69, 034014 (2004)]

[PRD 101, 7, 074035 (2020)]

[PLB 848, 138345 (2024)]
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