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• Histories of Charm Quark - November revolution

Charm China element 中国元素 At the East coast of US: Received by PRL on Nov. 12, 1974

丁肇中

Brookhaven (Proton Synchrotron)

At the West coast of US: Received by PRL on Nov. 13, 1974

Burton Richter

𝝍

Slide from Pro. Chaoqiang Geng

SLAC (  storage ring at 4.5-6 GeV)e+e−

A. Khare, ``The November J/  revolution: Twenty five years later,'' 
Curr. Sci. 77, 1210 (1999)

ψ

A discovery of extremely massive, narrow and high pyramid.

Adjusted the machine to 3.1 GeV Nov. 9, 1974 

Scanning energies from 2~4 GeV for two weeks Aug. 22, 1974



Where are antimatters?

Why are there matters?



• Charming physics - CP violation

4

aππ
CP ∼ 2Im ( VcsV*us

VcdV*ud ) Penguin
Tree

sin δQCD

D0 → π+π−

CKM as input cu → ud, du
Penguin to generate second weak phase !

W

𝒪(10−3)
𝒪(10−1)



• Charming physics - CP violation

5

aππ
CP ∼ 2Im ( VcsV*us

VcdV*ud ) Penguin
Tree

sin δQCD

D0 → π+π−

CKM as input

Penguin to generate second weak phase !

aKK
CP ∼ 2Im (

VcdV*ud

VcsV*us ) Penguin
Tree

sin δQCD

D0 → K+K−

Using VcdV*ud + VcsV*us+VcbV*ub = 0 , |VcsV*us | ≫ |VcbV*ub | aππ
CP + aKK

CP ≈ 0

W

aππ
CP = (23.2 ± 6.1) × 10−4 aKK

CP = (7.7 ± 5.7) × 10−4 The sign was flipped !

PRL 131, 091802 (2023)

𝒪(10−3)
𝒪(10−1)

cu → ud, du



• Charming physics - CP violation

Why shall we work on charm CP violation?

• SM naively predicts tiny CP asymmetries but they 
were found to be an order larger! 

• SM naively predicts  but two of 
them are found to be in the same sign !

aππ
CP = − aKK

CP

• We know there must be additional CPV sources !

PRD 108, 035005 (2023)



f0(1790)

1.  might be a glueball which mainly decays to kaons. Amplitude .f0 ∝ mq

2. Its mass is too close to D meson, enhancing SU(3) breaking effects from mass splitting.

• Charming physics - CP violation

3. Unlike , CP even phase shifts in baryon decays can be directly measured.D0 → h+h−

Reasons to go beyond charmed meson.

aππ
CP ∼ 2Im ( VcsV*us

VcdV*ud ) Penguin
Tree

sin δQCD

PLB 825, 136855 (2022)



• Experimental status of charmed hadron decays

ACP(Λ+
c → ΛK+) = 0.021 ± 0.026

Adir
CP(D0 → K+K−) − Adir

CP(D0 → π+π−) = (−1.54 ± 0.29) × 10−3

 The most precise CP violation measurement by far in charmed baryons.*

δP − δS = − 1.55 ± 0.27(+π) , α = 0.01 ± 0.16

 CP even and Cabibbo-favored, but very important to studies of CP violation!*

2019: First evidence of  CP violation in charm sector        

2022: The first measurement of CP violation in charmed baryon two-body decays

2023: Measurements of strong phases in Λ+
c → Ξ0K+

 First evidence of CP violation in charm hadron decays.  *

 Sci. Bull. 68, 583-592 (2023)

PRL 122, 211803 (2019)

PRL 132, 031801 (2024)

8

An order larger than theoretical expectations!



VcdV*ud

VcsV*us VcbV*ub

CKM triangle for b → d CKM triangle for c → u

 cannot be determined 

with CP-even quantities.
FbDo not need to consider  in 


studying CP-even quantities.
Fb

• SU(3) flavor perspective of charmed baryon decays

⟷

9

Amplitudes : VcsV*us Fs−d + VcbV*ub Fb

{5 parameters {4 parameters



• SU(3) flavor perspective of charmed baryon decays

VcdV*ud

VcsV*us VcbV*ub10−3

CKM triangle for b → d CKM triangle for c → u

 cannot be determined 

with CP-even quantities.
FbDo not need to consider  in 


studying CP-even quantities.
Fb ⟷

10

Amplitudes : VcsV*us Fs−d + VcbV*ub Fb

{5 parameters {4 parameters



SU(3) flavor analysis 

 Tree +  Penguin  


 Insensitive to CP-even quantities & undetermined


Final State Rescattering

 Tree +  Tree  ( Penguin / Tree )  


                             Determined by the rescattering 

V*csVus V*cbVub

V*csVus V*cbVub ×



• SU(3) flavor analysis — Tree

From PDG 

SU(3) flavor representations : 

P

P

12



Cabibbo-suppressed decays (c → u)

λd + λs + λb = 0

• SU(3) flavor analysis — Tree *V − A dirac strucutre implied

13

λq = V*cqVuq

Leading terms

Provide 
CP phase

S wave amplitude :
λs − λd

2
Fs−d + λb Fb

ℋeff =
GF

2 ∑
q=d,s

λq (C1(uq)(qc) + C2(qq)(uc)) + λb ∑
i=3∼6

CiQi +  (H.c.) 



• SU(3) flavor analysis — Tree

arXiv:2310.05491 [hep-ph]

FSCS

Free parametersf̃ :Generalized Wigner-Eckart theorem

S wave amplitude :
λs − λd

2
Fs−d + λb Fb

SU(3)F tensors

14

Fs−d

Fb



• SU(3) flavor analysis — Tree

arXiv:2310.05491 [hep-ph]15

Equivalence to the quark diagrams analysis; see arXiv : 1811.03480, 2404.01350, 2406.14061
He, Shi, Wang Zhong, Xu, Cheng Wang, Luo



• SU(3) flavor analysis — Tree

arXiv:2310.05491 [hep-ph]

FSCS

To date, there are in total 30 data points but 9 × 2(S & P waves) × 2(complex) − 1 = 35
f̃ a,b,c,d,e, f̃ a,b,c,d

3

5 19

CP-even⏟

Free parametersf̃ :Generalized Wigner-Eckart theorem

S wave amplitude :
λs − λd

2
Fs−d + λb Fb

SU(3)F tensors

16

Fs−dFs−d

Fb



• SU(3) flavor analysis — Tree

⟨qaqbqc |Oqq′￼

+ |Bi⟩ = 0

•  Körner-Pati-Woo theorem:

Color symmetric Color singlet

= 0
PRD 54, 2132 (1996)

Chau, Cheng, Tseng

17 arXiv:2310.05491 [hep-ph]

PLB 794, 19(2019)

• Works without considering color-symmetry

PRD 93, 056008 (2016), PRD 97, 073006 (2018)
Geng, Hsiao, Liu, TsaiLü, Wang, Yu 

JHEP 09, 035 (2022), JHEP 03, 143 (2022), NPB 956, 115048 (2020)
Hsiao, Wang, Zhao Huang, Xing, He

Not able to determine both complex phases.

Γ(Λ+
c → Σ+K0

S) = Γ(Λ+
c → Σ0K+) = s2

c Γ(Ξ0
c → Ξ0π0)

PRD 106, 052003 (2022)

(4.7 ± 1.0) × 10−4

≈ (4.8 ± 1.4) × 10−4

ℬ(Λ+
c → Σ+K0

S , Σ0K+)

(6.9 ± 1.4)exp × 10−3
(7.1 ± 0.4)th × 10−3

arXiv:2406.04642

ℬ(Ξ0
c → Ξ0π0)

• Predict direct relations:

• Eliminate 4 redundancies in ℋ(15)

Jia, Wang, Yu

New understanding of charming physics.



arXiv:2310.05491 [hep-ph]18

0.016(2)

29 data points with 10 complex parameters.

Values within parentheses represent the backward digit
 count of uncertainties, such as .1.59(8) = 1.59 ± 0.08

• Sizable strong phases are found.

ℬ(Ξ0
c → Ξ−π+)

ℬ(Ξ0
c → Ξ−e+νe)

= 1.37 ± 0.08

Belle, PRL 127 121803 (2021)

ℬ(Ξ0
c → Ξ−π+) = (3.26 ± 0.63) %

×

| |

ℬ(Ξ0
c → Ξ−e+νe) = (2.38 ± 0.44) %

LQCD, CPC 46, 011002 (2022)


• SU(3) flavor analysis — Tree



SU(3) flavor analysis 

 Tree +  Penguin  


 Insensitive to CP-even quantities & undetermined


Final State Rescattering

 Tree +  Tree  ( Penguin / Tree )  


                             Determined by the rescattering 

V*csVus V*cbVub

V*csVus V*cbVub ×



• Rescattering, solving penguin/tree
ℒBcBP = ℒTree

BcBP + ℒFSR−s
BcBP + ℒFSR−t

BcBP

Assumptions: 
1. Short distance transitions are dominated by the W-emission, including both color-

enhanced and color-suppressed.
2.  lowest-lying baryons of both parities.BI ∈

3.  The re-scattering is closed, i.e.  belong to the same  group of .B′￼P′￼ SU(3)F BP
20



ℒTree
BcBP = (P†)k

i
(B)l

j(F̃+
V (ℋ+)ij

k
+ F̃−

V (ℋ−)ij
k) (Bc)l

(ℋ+)ij
k =

λs − λd

2
ℋ(15s−d)ij

k + λb (ℋ(15b)ij
k + ℋ(3+)iδ j

k + ℋ(3+) jδi
k)

(ℋ−)ij
k =

λs − λd

2
ℋ(6)klϵlij + 2λb (ℋ(3−)iδ j

k − ℋ(3−) jδi
k)

From figure, we deduce:

where

It is very important that ,   and  share two parameters   !15 6 3 F̃±
V

21

• Rescattering, solving penguin/tree
ℒBcBP = ℒTree

BcBP + ℒFSR−s
BcBP + ℒFSR−t

BcBP

qk
qi



At quark level generates

penguin topology

22

• Rescattering, solving penguin/tree

2. Sum over the intermediate hadrons .BI, B′￼ and P′￼

1.   and   depend on  otherwise a cut-off has to be introduced.FTree
BcB′￼P′￼

gBIB′￼P′￼
q2

⟨ℒFSR−s
BcBP ⟩ = ∑

BI,B′￼,P′￼

uB (∫
d4q

(2π)4
gBIBP

pμ
Bc

γμ + mI

p2
Bc

− m2
I

gBIB′￼P′￼

qμγμ + mB′￼

q2 − m2
B′￼

1
(q − pBc

)2 − m2
P′￼

FTree
BcB′￼P′￼) uBc



At quark level generates

penguin topology

23

• Rescattering, solving penguin/tree

= uB ∫
d4q

(2π)4 ∑
BI,B′￼,P′￼

FTree
BcB′￼P′￼

gBIB′￼P′￼
gBIBP I(q2) uBc

⟨ℒFSR−s
BcBP ⟩ = ∑

BI,B′￼,P′￼

uB (∫
d4q

(2π)4
gBIBP

pμ
Bc

γμ + mI

p2
Bc

− m2
I

gBIB′￼P′￼

qμγμ + mB′￼

q2 − m2
B′￼

1
(q − pBc

)2 − m2
P′￼

FTree
BcB′￼P′￼) uBc



At quark level generates

penguin topology

Substitute   with ∑
BI

⟨BI⟩k1
i1 ⟨BI⟩j2

k2

1
2 ∑

λa

(λa)k1
i1 (λa)j2

k2
= δ j2

i1
δk1

k2
−

1
3

δk1
i1

δ j2
k2

24

• Rescattering, solving penguin/tree

∑
BI,B′￼,P′￼

FTree
BcB′￼P′￼

gBIB′￼P′￼
gBIBP

∝ ∑
BI,B′￼,P′￼

(⟨P′￼†⟩k
i ⟨B′￼⟩l

j(ℋ−)ij
k⟨Bc⟩l)(⟨P′￼⟩i2

j2
⟨BI⟩

j2
k2

⟨B′￼⟩k2
i2

+ r−⟨P′￼⟩j2
k2

⟨BI⟩
i2
j2
⟨B′￼⟩k2

i2 )(⟨P†⟩i3
j3
⟨B⟩j3

k3
⟨BI⟩

k3
i3

+ r−⟨P†⟩j3
k3

⟨B⟩i3
j3
⟨BI⟩

k3
i3 )

⟨ℒFSR−s
BcBP ⟩ = S̃− (⟨P†⟩i1

j1
⟨B⟩j1

k1
+ r−⟨P†⟩j1

k1
⟨B⟩i1

j1) (δk1
i δk

i1 −
1
3

δk1
i1

δk
i ) ((ℋ−)ij

k⟨Bc⟩j +
4r− + 1
r− + 4

(ℋ−) ji
j ⟨Bc⟩k)

Key of reduction rule: utilizing  belongs to .BI 8



• Rescattering, solving penguin/tree
ℒBcBP = ℒTree

BcBP + ℒFSR−s
BcBP + ℒFSR−t

BcBP

25

, including effective color 

number and form factors.
F±

V

Induce two parameters: 

, containing the  

dependencies of couplings.
S̃− q2

Induce one parameter: 

, containing the  

dependencies of couplings.
T̃− q2

Induce one parameter: 



26
Much more complicated compared 

 to  in D mesons !  PLD = EPRD 100, 093002 (2019)

• Rescattering, solving penguin/tree

Amplitudes     ∼
λs − λd

2
f̃ + λb f̃3

(f̃ b, f̃ c, f̃ d, f̃ e) ⟷ (F̃+
V, F̃−

V, S̃−, T̃−) ⟶ (f̃ b
3, f̃ c

3, f̃ d
3)
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(f̃ b, f̃ c, f̃ d, f̃ e) ⟷ (F̃+
V, F̃−

V, S̃−, T̃−) ⟶ (f̃ b
3, f̃ c

3, f̃ d
3)

• Rescattering, solving penguin/tree

Amplitudes     ∼
λs − λd

2
f̃ + λb f̃3

1 +
(3C4 + C3) mc − 2m2

K

ms + mu
(3C6 + C5)

(C+ + C−)mc

Corrections to  are around 10%ACP

Much more complicated compared 
 to  in D mesons !  PLD = EPRD 100, 093002 (2019)
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1.  in the same size with the ones in D 
meson! If confirmed, it suggests the natural 
sizes of  are around .         

2. In the U-spin limit, we have that

ACP

ACP 10−3

Hence it is reasonable to measure 

ACP (Ξ0
c → Σ+π−) = − ACP (Ξ0

c → pK−) .

ΔACP = ACP (Ξ0
c → Σ+π−) − ACP (Ξ0

c → pK−) .

3. The main uncertainties are from strong phases.                                                    
Measurement on  can greatly improve!β

29 data points with 10 complex parameters.

arXiv:2404.19166 [hep-ph]

• Rescattering, numerical results

103 103 103
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1.  in the same size with the ones in D 
meson! If confirmed, it suggests the natural 
sizes of  are around .         

2. In the U-spin limit, we have that

ACP

ACP 10−3

Hence it is reasonable to measure 

ACP (Ξ0
c → Σ+π−) = − ACP (Ξ0

c → pK−) .

ΔACP = ACP (Ξ0
c → Σ+π−) − ACP (Ξ0

c → pK−) .

3. The main uncertainties are from strong phases.                                                    
Measurement on  can greatly improve!β

arXiv:2404.19166 [hep-ph]

• Rescattering, numerical results

s

u

s

u
dd

uc
Ξ0

c

Σ+

⏟

π−
⏟

4. If there are indeed  contributions :Z′￼

ACP (Ξ0
c → Σ+π−) ≈ 2ACP (Ξ0

c → pK−) .

(Preliminary result)



• Wish list on future experiments

Diagram from 周小蓉

Belle :  at ACP 𝒪(10−2)

Belle II :  at ACP 𝒪(10−3)

 at ACP 𝒪(10−3)
 at ACP 𝒪(10−3)

 at ACP 𝒪(10−4)

Upgrade

Upgrade

Measurements on  and  

extract important information

of strong phases !

β γ

Special thanks to 李龙科

Rough estimate from statistics only*

30



Conclusions

CP violation in charm is a powerful  
probe for NP!

More measurements!

More theoretical studies!



Backup slides
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Tawaki 
The Rainforest Penguin 

Tawaki Conservation 
For 27 years Wilderness Lodge has worked to conserve Tawaki. We campaigned to establish and enforce a Wildlife 
Refuge for the penguins to stop people taking dogs into the colonies where they would attack and kill penguins. 

Since 1998 we have  championed extensive aerial pest control programme by the Conservation Department on the  
Lake Moeraki coastline to control predatory 
rats and stoats that also kill penguin chicks.  

Our daily guided penguin trips are carefully 
managed to avoid disturbance. Small groups 
sit quietly and discreetly while penguins 
come & go naturally across the beach.  

Each trip spends around 2 hours at our 
Viewing Hide. As part of our trips we monitor 
penguin numbers with around 80 trips per 
season.  Over the last 20 years since pest 
control started here, penguin movements 
across the beach have shown a small but 
significant increase growing from an average 
of 10 to 14 penguins seen on each trip (see 
Graph).  

This is an encouraging result 
from this long term monitor-
ing and Tawaki breeding suc-
cess here is in stark contrast 
to the catastrophic decline 
in the Hoiho/Yellow Eyed pen-
guin population on the south-
eastern South Island coast-
line.  

11.67

6.85
8.12

11.54

19.56

14.63
14.06

17.92

11.88

15.33

19.34

14

11.74
12.57

15.64

10.23

13.54
12.41

13.71

16.26

14

0

2

4

6

8

10

12

14

16

18

20

19
96

19
97

19
98

19
99

20
00

20
01

2
00

2

20
03

2
00

4

20
05

2
00

6

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

Av
er

ag
e 

N
um

be
r o

f P
en

gu
in

 
Si

gh
tin

gs
 P

er
 T

rip
 1

99
6 

- 2
01

6 

wildernesslodge.co.nz 

Tawaki: A Wildlife Treasure 
Tawaki breed in jungle-like temperate rainforest along the 
rugged Lake Moeraki coastline. To see tawaki on wilderness 
beaches is one of New Zealand’s great wildlife experiences. 

The Rainforest Penguin 
Tawaki, or the Fiordland Crested Penguin (Eudyptes 
pachyrhynchus), are unique among penguins.  

They breed in temperate rainforest, only in the 
southwest corner of New Zealand. During the July to 
December breeding season they are most easily seen 
along the Lake Moeraki coastline. 

Tawaki build their nests beneath logs and boulders. 
These will be deep in the forest, often hundreds of 
metres inland and up steep hillsides. 

Adults must negotiate the pounding surf, wild beaches 
and dense undergrowth as they make their way 
between the Tasman Sea and their rainforest nests. 

Guided Penguin Trips  
Since 1989 Wilderness Lodge Lake Moeraki has taken 
guests to see tawaki under a special license from the 
Department of Conservation.  

Our guides are experts in penguin ecology and delight 
in sharing this once in a lifetime experience with 
guests. 

Hike through lush rainforest to a wilderness beach 
then sit quietly as penguins emerge from the surf and 
make their way across the beach and into the 
rainforest. 

Guided penguin trips last about 3 hours, include light 
refreshments and require a low to moderate level of 
fitness. Group sizes are always kept small. 



• Rescattering, solving penguin/tree
ℒBcBP = ℒTree

BcBP + ℒFSR−s
BcBP + ℒFSR−t

BcBP +ℒFSR−u
BcBP + . . . (?)

34

V

B

P

. . . (?)
V

B

P



• SU(3) flavor analysis — Tree

arXiv:2310.05491 [hep-ph]

FSCS

To date, there are in total 30 data points and 5 × 2(S & P waves) × 2(complex) − 1 = 19
CP-even⏟

f̃ a,b,c,d
3 → 0Naive assumption:

Generalized Wigner-Eckart theorem Free parametersf̃ :

S wave amplitude :
λs − λd

2
Fs−d + λb Fb

SU(3)F tensors

35

Fs−dFs−d

Fb



• SU(3) flavor analysis — Tree

Adir
CP(D0 → K+K−) − Adir

CP(D0 → π+π−)

= (−1.54 ± 0.29) × 10−3

Too small compared to D meson’s:

Λ+
c n

π+

c q

q
u, as parts of the tree 

interaction contain penguin topology.
ACP(Λ+

c → nπ+) ≠ 0

ℋTree
eff =

GF

2
λb(C+ ∑

q=u,d,s

((ūq)(q̄c) + (q̄q)(ūc))

+2C− ∑
q=d,s

((ūq)(q̄c) − (q̄q)(ūc))) . . .
3

36



• Experimental status of charmed hadron decays

 CP even and Cabibbo-favored, but very important to studies of CP violation!*

F(Λ+
c → Ξ0K+) =

2

6
F(Λ+

c → Λ0π+) −
1
sc

F(Λ+
c → Λ0K+)

The SU(3) flavor relation:

Γ =
pf

8π
(Mi + Mf)

2
− M2

P

M2
i

( |F |2 + κ2 |G |2 ), α =
2κ Re (F*G)

|F |2 + κ2 |G |2

If F and G are real, they are solvable 
from experimental  and !Γ α

 Leads to  → |α(Λ+
c → Ξ0K+) | ≈ 1

PRL 132, 031801 (2024)

37

δP − δS = − 1.55 ± 0.27(+π) , α = 0.01 ± 0.16

2023: Measurements of strong phases in Λ+
c → Ξ0K+


