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2020

诞生 GIM→charm，KM→CPV+3rd generation

起步 QCD sum rules，mixed CPV

巅峰 QCDF, PQCD, SCET

腾飞 HQET，weak Hamiltonian

坚持 B anomalies，XYZ

新机？ 理论+唯象
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1980-2000，检验标准模型：KM机制

重味物理的主要任务

2000-至今，精确检验标准模型

寻找新物理

理解强相互作用
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Production and decay of  double-charm tetraquarks

[Q.Qin, Y.F.Shen, F.S.Yu, 2008.08026]
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1980-2000，检验标准模型：KM机制

重味物理的主要任务

2000-至今，精确检验标准模型

寻找新物理

理解强相互作用

理论新进展：格点、反问题

唯象新方向：重子、极化

Based on personal bias

Outline
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近期理论发展：格点QCD
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• 理解和计算非微扰物理量成为标准模型内的最后一个前沿问题

• 对于寻找新物理，非微扰物理量的计算也往往至关重要，例如muon g-2中

的真空极化，半轻衰变中的形状因子等

• 格点是目前基于第一性原理计算非微扰物理量最可靠的理论方法

• 重味物理过程连接微扰与非微扰QCD，涉及很多非微扰物理量需要用格点

QCD进行计算

• 目前国内很多大型计算资源可以利用，为我们格点发展提供了可能

• 最重要的是有了国产组态，解决了卡脖子问题。

Lattice QCD
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Q.A.Zhang, et al, 2103.07064, to be appeared in Chinese Physics C

最重要的是使用

国产对称格子clover组态

的第一篇文章

解决了卡脖子问题

Lattice QCD: charmed baryons
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Jun Hua’s talk at China Lattice 2021
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近期理论发展：反问题方法
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反问题方法

Proposed in solving the *+ − *
+
mixing problem [H.n.Li, Umeeda, F.R.Xu,  F.S.Yu, 2001.04079]
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近期理论发展：重子物理
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• The visible matter of the Universe is mainly made of baryons
• CPV are well established in K, B and D mesons, but not in baryons yet.

• Helicities of baryons provide fruitful phenomenological observables.

• BESIII and Belle have fruitful results on charmed baryons and hyperons.

• LHCb is a baryon factory, -./ -0,2⁄ ~1/3

Baryon physics: introduction
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• QCD in baryons is different from mesons, but not systematically studied. 

• Scalar diquark in Λ7 8 is simpler than spin ½ quark in B mesons in  the heavy 
quark limit. Much less free parameters in Λ7 → Λ8 than 9 → *(∗) transitions 
[Bernlochner, Ligeti, Robinson, Sutcliffe, 2019]

• Heavy-to-light form factor is factorizable at leading power in SCET, which is 
however one order of magnitude smaller than the results from sum rules , due 
to two hard gluons [W.Wang, 1112.0237]

Baryon physics: QCD

Leading power: 
Sum Rules [Feldman, Yip, 2011]: 21



• The current predictions on b-baryon CPV are based on generalized factorization 
approach [Y.K.Hsiao, C.Q.Geng, 2015; C.W.Liu, C.Q.Geng, 2109.09524, 2111.02091]

• QCD-inspired methods are required to be developed to predict baryon CPV. 

• PQCD successfully predicted correct CPV in B meson decays [Y.Y.Keum, H.n.Li, 
Sanda, 2000; C.D.Lu, K.Ukai, M.Z.Yang, 2000]. 

• It is hopeful to predict CPV of b-baryons. 

Baryon physics: PQCD

• The only prediction of CPV of Λ7 → =>, =? by PQCD 
is given in  [C.D.Lu, Y.M.Wang, H.Zou, A.Ali, G.Kramer, 2009]. 

• However, the form factors are two orders of 
magnitude smaller than Lattice or LCSRs [H.n.Li, 1999]. 
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• The problem is that only leading twist LCDAs were considered. 
• Now revisiting the Λ7 → =	 form factors in PQCD. Considering higher twist LCDAs, 

the form factors are significantly enhanced and consistent with other results. 
[J.J.Han, Y.Li, Y.L.Shen, Z.J.Xiao, F.S.Yu, 2111.xxxxx]

• Leading power is suppressed by @ AB
C . Sub-leading power dominated. 

• It is expected that PQCD can be used to predict CPV of b-baryons. [J.J.Han, Y.Li, 
Y.L.Shen, Z.J.Xiao, F.S.Yu, 2112.xxxxx]

Baryon physics: PQCD

23

Same order as Lattice



ü Charmed baryon decays [F.R.Xu, H.Y.Cheng, 2020, 2021][Y.K.Hsiao, 2020, 2021] 
[C.Q.Geng, 2020, 2021]

ü Heavy Diquark Effective Theory [Q.Qin, Y.J.Shi, W.Wang, G.H.Yang, F.S.Yu, R.L.Zhu, 
2108.06716]

ü Production and decays of double-charm tetraquarks [Q.Qin, Shen, F.S.Yu, 
2008.08026]

ü Unified framework of topological diagrams and SU(3) irreducible 
representation [X.G.He, W.Wang, 2018][D.Wang, C.P.Jia, F.S.Yu, 2020]

ü *B
∗ weak decays [S.Cheng, Q.Qin, F.S.Yu, 2021]

ü Hyperon decays under the SU(3) symmetry [R.M.Wang, X.D.Cheng, Y.G.Xu, 2020, 
2021]

ü And so on…

Many other beautiful works
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总结

• 21世纪20年代刚刚开启
• 理论新进展：格点QCD、反问题方法

• 唯象新方向：重子物理

•更多新机遇
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• Heavy-to-light form factors have been systematically studied in the light-cone 
QCD sum rules

ü Next-to-leading order corrections [Y.M.Wang, Y.L.Shen, 2016]

ü LCDAs of heavy baryons [Bell, Feldman, Y.M.Wang, Yip, 2013]

ü Λ7 → D∗ transitions [K.S.Huang, W.Liu, Y.L.Shen, F.S.Yu, 2112.xxxxx]

• Two-body hadronic decays of Λ7 → =>, =? are studied firstly in LCSRs 
[H.Y.Jiang, Khodjamirian, F.S.Yu, S.Cheng, 2112.xxxxx]

Baryon physics: LCSRs

• It has been studied in 9 → >> and * → >> [Khodjamirian, 
2002, 2004, 2017]

• It overcome the difficulty of calculation on W-exchange 
diagrams in QCDF
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• The Heavy Diquark Effective Theory is proposed 
to study the transitions of kk → kl and kl → ll
[Y.J.Shi, W.Wang, Z.X.Zhao, Meissner, ’20]

• Two heavy quarks → point-like diquark particle. 
• Matching at small recoil region: HQET

• Matching at large reoil region: NRQCD

• Decay rate of inclusive processes: 

• Propose the inclusive approach to search for Ξ78
via Ξ78 → Ξ88

II + o with displaced vertex       
[Q.Qin, Y.J.Shi, W.Wang, G.H.Yang, F.S.Yu, R.L.Zhu, 
2108.06716]

Heavy Diquark Effective Theory

35



近期理论发展：极化角分布
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• Large data samples collected by BESIII, Belle II and LHCb, much more 
observables to distinguish the new physics operators 

Angular distributions: BSM

• For example, the EFG anomaly in 9 → ?∗HIHJ

[LHCb, 2013, 2016]
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• Recently, a lot of works on angular distribution for BSM.
• Measurable angular distributions of

• K → ?L>M

• 9 → *∗ℓM

• 9 → OℓIℓJ, 9 → EℓIℓJ, 9 → PℓIℓJ, 9 → QℓIℓJ, Λ7 → ΛℓIℓJ

Angular distributions: BSM

Q.Y.Hu, X.Q.Li, X.L.Mu, Y.D.Yang, D.H.Zheng, 2104.04942

Q.Y.Hu, X.Q.Li, Y.D.Yang, D.H.Zheng, 2011.05912
X.L.Mu, Y.Li, Z.T.Zou, B.Zhu,  1909.10769

Z.R.Huang, E.Kou, C.D.Lu, R.Y.Tang, 2106.13855

F.Z.Chen, X.Q.Li, Y.D.Yang, 2003.05735

Bhutta, Z.R.Huang, C.D.Lu, Ali Paracha, W.Y.Wang, 2009.03588
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Angular distributions: photon polarization
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• Rich resonance structures in multi-body decays of b hadrons. 
• Except for individual resonances, interference between different resonances 

might also induce large CP violation, due to possible large strong phases. 

• Angular analysis can help to isolate the interference effect between different 
resonances: Partial-Wave CPV [Z.H.Zhang, X.H.Guo, 2102.12263, 2103.11335]

Angular distributions: CPV

• Interference of R+(770) and -+(500) in 9J → >I>J>J

• A more general case
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• Complementary to direct CPV: QVW2XY ∝ sin^	sin_, 	 Q`W ∝ sin^	cos_

• TPAs are recently predicted firstly based on the QCD-inspired method:  
PQCD with two-meson distribution amplitudes [Z.Rui, Y.Li, H.n.Li, 2103.00642; 

Y.Li, D.C.Yan, Z.Rui, H.n.Li, 2107.10684]

• Four-body decays of 9 → (EcEc
G)(ECEC

G)

• Triple-product: dE = f⃗c ⋅ (f⃗C×f⃗j) with f⃗X as a spin 
or a momentum. TP is odd under time reversal.
[Valencia, 1989; Datta, London, 2003]

Angular distributions: TPA

• Triple-product asymmetry indued CP violation:
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