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ü 标准模型
ü 重味夸克
ü 弱衰变
ü CKM +CP violation 
ü New Physics

ü Lattice QCD
ü 𝚵𝒄半轻衰变



标准模型



The Standard Model (SM)
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Ø SU(3)



The Standard Model (SM)
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Ø SU(3)



The Standard Model (SM)
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Ø SU(2) x U(1)
Ø Fermion!

üQuark
üLepton



The Standard Model (SM)
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Ø SU(2) x U(1)
Ø Fermion!

üQuark
üLepton



Success of SM
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ü Electroweak 
ü QCD

Success:



Beyond SM
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ü Neutrino: Mass, Dirac or 

Majorana Fermion 

ü Dark Matter: 27% 

ü Dark Energy

ü Hierarchy problem?

ü Landau pole vs Triviality 

ü …



Beyond SM: Three Frontiers 
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Direct search：
LHC

indirect search:
g-2
Heavy quark
Tau/charm factory



𝑏
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𝑐
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Heavy Quark Physics

Heavy quark:
ü Bottom 
ü Charm

u c

d s b
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Heavy Quark Physics

衰变类型
ü 纯轻：末态都是轻子
ü 半轻：末态部分轻子
ü 非轻：末态都是强子
ü 纯轻辐射：光子+轻子
ü 半轻辐射：光子+轻子+强子
ü 辐射：光子+强子

纯轻 半轻

非轻



14

重味物理实验

专门从事重味物理研究的大科学装置

!"#$%&

Ø 2010年前：Babar,Belle

Ø 正在运行: LHCb, BESIII，Belle-II

Ø 计划建造：超级陶粲工厂
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Heavy Quark Physics: CKM矩阵元的测量

VCKM=
𝑉!" 𝑉!# 𝑉!$
𝑉%" 𝑉%# 𝑉%$
𝑉&" 𝑉&# 𝑉&$

• 弱作用本征态 ≠ 质量本征态

• 三代夸克之间的混合矩阵有三个混合

角和一个相位
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Heavy Quark Physics: CKM矩阵元的测量

𝑉!" 𝑉!# 𝑉!$
𝑉%" 𝑉%# 𝑉%$
𝑉&" 𝑉&# 𝑉&$

|𝑉!"| = 0.97370 ± 0.00014
| 𝑉!#| = 0.2245 ± 0.0008
|𝑉!$| = 0.00382 ± 0.00024

|𝑉!"|# + |𝑉!$|#+ |𝑉!%|# = 0.9985 ± 0.0006

First row:

Second row:

|𝑉%"| = 0.221 ± 0.004
| 𝑉%#| = 0.987 ± 0.011
|𝑉%$| = 0.0410 ± 0.0014

|𝑉&"|# + |𝑉&$|#+ |𝑉&%|# = 1.025 ± 0.022

𝟏𝟎!𝟒 𝒂𝒄𝒄𝒖𝒓𝒂𝒄𝒚

𝟏𝟎!𝟐 𝒂𝒄𝒄𝒖𝒓𝒂𝒄𝒚
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Heavy Quark Physics: CKM矩阵元的测量

|𝑉%"| = 0.221 ± 0.004
| 𝑉%#| = 0.987 ± 0.011
|𝑉%$| = 0.0410 ± 0.0014

PDG2021
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Heavy Quark Physics: CP破坏

C:物质－反物质变换

CP
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Heavy Quark Physics: CP破坏
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Heavy Quark Physics: CP破坏

•振幅至少有两项
•且弱相位不同
•干涉造成CP破坏

≠0,  if δ≠0 and φ≠0
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Heavy Quark Physics: CP破坏

Vub Vud* Vtb Vtd*
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Heavy Quark Physics: CKM中的复相位

𝑉!" 𝑉!# 𝑉!$
𝑉%" 𝑉%# 𝑉%$
𝑉&" 𝑉&# 𝑉&$

𝑉𝑉. = 1 →/
/

𝑉0/𝑉1/∗ = 𝛿01 𝑉!$𝑉!"∗ + 𝑉%$𝑉%"∗ + 𝑉'$𝑉'"∗ = 0
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Heavy Quark Physics:

𝑉!$𝑉!"∗ + 𝑉%$𝑉%"∗ + 𝑉'$𝑉'"∗ = 0

+

𝛼 = 84.934.676.8 °

𝛽 = 22.2 ± 0.7 °

𝛾 = 72.134.674.8 °
sin(2𝛽) = 0.699 ±0.017

𝛾

𝛼 + 𝛽 + 𝛾 = 1793:7; °

PDG2021
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Indirect Search and Heavy Quark Physics

𝐵 → 𝐾∗𝑙6𝑙7 → 𝐾𝜋𝑙6𝑙7
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Forward-backward Asymmetry

Lepton Flavor Universality 

Indirect Search and Heavy Quark Physics

Angular Analysis and 𝑃"#
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因子化方法

W被积分出来
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Lattice QCD: some references
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ü T. DeGrand and C. DeTar ,Lattice methods for Quantum Chromodynamics
ü H.J. Rothe, Lattice gauge theories: An Introduction
ü J. Smit Introduction to quantum fields on a lattice: A robust mate

C. Gattringer, C. Lang
QCD on the Lattice

刘川
格点量子色动力学
导论

黄涛、王伟等
量子色动力学专题
第二章陈莹 格点QCD



40Lattice QCD

Ø The force that binds quarks to form protons and neutrons is described by QCD

Nonperturbative: 
not well known

Perturbative: 
well known

Strength of interaction reflected by 

the strong coupling constant 𝜶𝒔;

• ~ 200 MeV: perturbative theory failed;

• Nonperturbative methods:

Lattice QCD, ChPT, QCDSR ……



格点量子色动力学

最小作用量原理

牛顿第二定律

麦克斯韦方程

薛定谔方程

克莱因-戈登方程

狄拉克方程

…

41

Lattice QCD



42Lattice QCD

Ø Lattice QCD: action

Wilson gauge action Lattice fermion action

Ø Numerical simulation in discretized 4D Euclidean space-time;

Ø Correlation functions:



43Lattice QCD

Ø Monte Carlo:

• The integration is performed for all link variables:  𝑛!"× 𝑛# × 𝑁$%&%' × 𝑁()*+

• Importance sampling:

• Therefore

Ø Have achieved great successes in calculating hadron 

masses, decay constants, ⍺𝒔, form factors and so on.



Chin.Phys.C 46 (2022) 7, 011002



格点量子色动力学
Ø格点量子色动力学第一性原理出发的理论；

Ø利用超级计算机数值计算路径积分，实现强相
互作用的模拟；

Ø蒙特卡洛算法（Monte Carlo）:

• 对所有可能的规范场路径 U 的积分, 

积分维度约10:~10;<维!

• 重点采样：生产马尔可夫链--> 组态，
标志着模拟的微观世界的量子涨落

模拟的世界中的量子涨落

45

Lattice QCD
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Lattice size Lattice spacing Pion mass N cfg

24x72 0.108fm 280-290MeV 2000+

32x96 0.08fm 280-300MeV 1000+

48x144 0.055fm 280MeV producing

48x96 0.108fm 200MeV producing

48x96 0.108fm 140MeV prepare

Lattice QCD: new configurations

Liuming Liu, Peng Sun, Wei Sun, Yibo Yang



Form factor on the LQCD
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14 16 18 20

R̃(tseq)Rf⊥(t, tseq)

t − tseq /2 tseq

Form factor on the LQCD



𝚵𝒄 Decays
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𝚵𝒄 Decays
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𝚵𝒄 Decays
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𝚵𝒄 Decays on the Lattice

52

Zhang, Hua, et.al., 2103.07064, Chinese Physics C



𝚵𝒄 Decays on the Lattice
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𝚵𝒄 Decays on the Lattice
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𝚵𝒄 Decays on the Lattice
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𝚵𝒄 Decays on the Lattice
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Charmed Baryon Decays on the Lattice: Prospect

57
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