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Charm Quark Physics: SM test

𝑉#$ 𝑉#% 𝑉#&
𝑉'$ 𝑉'% 𝑉'&
𝑉($ 𝑉(% 𝑉(&

𝑉𝑉" = 1 →%
#

𝑉$#𝑉%#∗ = 𝛿$% 𝑉!"𝑉!#∗ + 𝑉%"𝑉%#∗ + 𝑉&"𝑉&#∗ = 0

γ

γ

α

α

dm∆
Kε

Kε

sm∆ & dm∆

ubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2

excluded at CL > 0.95

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

Summer 19

CKM
f i t t e r



4

Charm Quark Physics: SM test

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

PDG2021

𝟏𝟎!𝟒 𝒂𝒄𝒄𝒖𝒓𝒂𝒄𝒚

𝟏𝟎!𝟐 𝒂𝒄𝒄𝒖𝒓𝒂𝒄𝒚

High precision determination of the second row provide strong tests of CKM unitarity.
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Charm Quark Physics: SM test

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

PDG2021
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Theoretical difficulties in Charm

渐进自由

Chiral perturbation theory: 𝒑/(𝟒𝝅𝒇𝝅)

QCD perturbation theory: 𝜶𝒔

CP violation in 𝐷& → 𝐾'𝐾!, 𝐷& → 𝜋' 𝜋!

LHCb, PRL108, 111602 (2012)

LHCb, PRL122, 211803 (2019)

Cheng, Chiang, 1201.0785,    -0.25%
Li, Lu, Yu, 1203.3120,              -0.1% 

Brod, Grossman, Kagan, Zupan: 
Large penguins 

Charm Physics Scale

!"#$
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Theoretical tools for Charm

ü Quark model: 

ü QCD sum rules: 

ü Factorization-Assisted Topological-Amplitude: 
Li, Lu, Yu, PRD 86,  036012  (2012)

Yu, Wang, Li, PRL 119, 181802(2017)

ü SU(3) symmetry:

ü Lattice QCD
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Theoretical tools for Charm

ü SU(3) symmetry: 
b c

q

q

(a) (b)

c/b q

q

q

He, Huang, Wang, Xing, 2110.04179

BES-III: PRL 115, 221805(2015)
Belle:  PRL 127, 121803(2021)
ALICE: 2105.05187 
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Ø Lattice QCD: action

Wilson gauge action Lattice fermion action

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

Ø Correlation functions:
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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.
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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



Q.A.Zhang,et.al.,  Chin.Phys.C 46 (2022) 7, 011002



𝚵𝒄 Decays
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Form factor on the LQCD
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𝚵𝒄 Decays
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𝚵𝒄 Decays
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𝚵𝒄 Decays on the Lattice
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Zhang, Hua, et.al., 2103.07064, To appear in Chinese Physics C
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14 16 18 20

R̃(tseq)Rf⊥(t, tseq)

t − tseq /2 tseq

Form factor on the LQCD



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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H. Liu,et.al.,  2207.00183



Hadron Exotics
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• Ordinary Hadrons • Exotic Hadrons

�̅�
𝑢

d
𝑢

𝑢

̅𝑐c

�̅�𝑢

|𝑝 >= |𝑢𝑢𝑑 > +|𝑢𝑢𝑑4𝑞𝑞 > +⋯ < 0|𝑂!!# |𝑝 >≠ 0

Glueball
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𝑢
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Hexaquark
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Hexaquark
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Hexaquark
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Hexaquark
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物理延拓



Hexaquark
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the 0−+ hexaquark might mix with 
K+K− ηc: 3.971 GeV



Summary
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ü Charmed Hadrons: testing SM, probing NP, understanding QCD

üA set of new configurations have been generated and can be used for multi-purpose
phenomenological analysis.

ü The first lattice QCD calculation of 𝚵𝒄 → 𝚵 form factors and CKM matrix element:
|𝑽𝒄𝒔| = 𝟎. 𝟖𝟑𝟒 ± 𝟎. 𝟎𝟓𝟏 ± 𝟎. 𝟎𝟓𝟔 ± 𝟎. 𝟏𝟐𝟕. Belle data
|𝑽𝒄𝒔| = 𝟎. 𝟗𝟖𝟑 ± 𝟎. 𝟎𝟔𝟎 ± 𝟎. 𝟎𝟔𝟓 ± 𝟎. 𝟏𝟔𝟕. ALICE data

ü Hidden-charm hexaquark candidates on LQCD: 4 ensembles. Tightly-bounded

ü More exciting analyses of charmed hadrons:
ü Computational resources
ü New LQCD ensembles
ü More human resources
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Charm Quark Physics: Inputs for B decays

𝑉!"𝑉!#∗ + 𝑉%"𝑉%#∗ + 𝑉&"𝑉&#∗ = 0

+

𝛼 = 84.9HI.KLK.M °

𝛽 = 22.2 ± 0.7 °

𝛾 = 72.1HI.KLI.M °
sin(2𝛽) = 0.699 ±0.017

𝛾

𝛼 + 𝛽 + 𝛾 = 179HOLP °

PDG2021
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Charm Quark Physics: Inputs for B decays

+

𝛾

ü GLW: CP eigenstate [PLB 265, 172 (1991); PLB 253, 483 (1991)]
ü ADS: Doubly-Cabibbo-suppressed [PRL78, 3257 (1997)]
ü Dalitz: multi-body D decays [PRD68, 054018 (2003)]

The knowledge of charmed hadron decays at BESIII and other 
experimental facilities are prerequisites. 

Direct CPA in D decays (𝐷& → 𝐾'𝐾!/𝜋'𝜋!) can
give an important corrections to 𝛾: (0.5° − 5°)
[WW, PRL110, 061802(2013)
Martone and Zupan，PRD87， 034005(2013)
Bhattacharya, et.al, PRD87, 074002 (2013)]


