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Where are antimatters?

Why are there matters?



• 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.*

α(Λ+
c → Ξ0K+) = 0.01 ± 0.16 , δP − δS = − 1.55 ± 0.27(+π)

 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 charmed baryon decays

 First evidence of CP violation in charm hadron decays.  *

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

PRL 122, 211803 (2019)

PRL 132, 031801 (2024)

3



• 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

α(Λ+
c → Ξ0K+) = 0.01 ± 0.16 , δP − δS = − 1.55 ± 0.27(+π)

2023: Measurements of strong phases in charmed baryon decays
PRL 132, 031801 (2024)
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VcdV*ud

VcsV*us VcbV*ub

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

S wave amplitude : VcsV*us Fs−d + VcbV*ub Fb

 cannot be determined 

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


studying CP-even quantities.
Fb

{5 parameters {4 parameters

• SU(3) flavor perspective of charmed baryon decays

⟷
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• 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 ⟷

S wave amplitude : VcsV*us Fs−d + VcbV*ub Fb

{ {5 parameters 4 parameters
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λb10−3

SU(3) flavor analysis 

 Tree +  Penguin  


 Insensitive to CP-even quantities & undetermined


Rescattering

 Tree +  Tree  ( Penguin / Tree )  


                       Determined by the rescattering 

λs λb

λs λb ×

λs

λq = V*cqVuq



• SU(3) flavor analysis — Tree

From PDG 

SU(3) flavor representations : 

P

P
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3 ⊗ 3 ⊗ 3
ℋeff

= (15 ⊕ 3+)
Q1+Q2

⊕ (6 ⊕ 3−)
Q1−Q2

Cabibbo-suppressed decays (c → u) λd + λs + λb = 0

• SU(3) flavor analysis — Tree

Qqq′ 

1 = (uq′ )(qc) Qqq′ 

2 = (qq′ )(uc)

C± = (C1 ± C2)/2

*V − A dirac strucutre implied

9



• 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

Equivalent to quark diagrams analysis; see arXiv:1811.03480, 2404.01350
10

Fs−d

Fb



• SU(3) flavor analysis — Tree

SU(3)F tensor
FSCS

Free parametersf̃ :Generalized Wigner-Eckart theorem

S wave amplitude :
λs − λd

2
Fs−d + λb Fb

arXiv:2310.05491 [hep-ph]11
Equivalent to quark diagrams analysis; see arXiv:1811.03480, 2404.01350

Fs−d



• 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

12

Fs−dFs−d

Fb



PLB 794, 19(2019)

• Eliminate 4 redundancies in ℋ(15)

ℬ(Λ+
c → Σ0K+) = ℬ(Λ+

c → Σ+K0
S)

BESIII PRD 106, 052003 (2022)

(4.7 ± 1.0) × 10−4 ≈ (4.8 ± 1.4) × 10−4

• SU(3) flavor analysis — Tree

⟨qaqbqc |Oqq′ 

+ |Bi⟩ = 0

•  Körner-Pati-Woo theorem:

Oqq′ 

+ =
1
2 [(ūq′ )V−A (q̄c)V−A

+ (q̄q′ )V−A
(ūc)V−A] ,

Color symmetric Color singlet

= 0
PRD 54, 2132 (1996)

Chau, Cheng, Tseng

15

13 arXiv:2310.05491 [hep-ph]

• Works without considering color-symmetry:

PRD 93, 056008 (2016), PRD 97, 073006 (2018), NPB 956, 115048 (2020)
Jia, Wang, YuGeng, Hsiao, Liu, TsaiLü, Wang, Yu 

JHEP 09, 035 (2022), JHEP 03, 143 (2022)
Hsiao, Wang, Zhao Huang, Xing, He

Not able to determine both partial waves and complex amplitudes.



β =
2 Im (S*P)
|S |2 + |P |2

• Sizable strong phases

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);

also Wang’s talk in this morning.

• SU(3) flavor analysis — Tree

arXiv:2310.05491 [hep-ph]14



• SU(3) flavor analysis — Tree

(1.43 ± 0.32) %

(1.80 ± 0.52) %

(2.72 ± 0.09) %Belle

PDG 

SU(3)

> 4σ

< 2σ

ℬ(Ξ0
c → Ξ−π+)

ℬ(Ξ0
c → Ξ−e+νe)

= 1.37 ± 0.08

ℬ(Ξ0
c → Ξ−π+) = (3.26 ± 0.63) %

×

| |

ℬ(Ξ0
c → Ξ−e+νe) = (2.38 ± 0.44) %

Belle, PRL 127 121803 (2021)

LQCD, CPC 46, 011002 (2022);

also Wang’s talk in this morning.

β =
2 Im (S*P)
|S |2 + |P |2

arXiv:2310.05491 [hep-ph]15



• 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
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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

CP asymmetries of  do not vanish, as parts 

of the tree interaction contain penguin topology.

Λ+
c → nπ+

ℋTree
eff =

GF

2
λb(C+ ∑

q=u,d,s

((ūq)(q̄c) + (q̄q)(ūc))

+2C− ∑
q=d,s

((ūq)(q̄c) − (q̄q)(ūc))) . . .
3
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λb10−3

SU(3) flavor analysis 

 Tree +  Penguin  


 Insensitive to CP-even quantities & undetermined


Rescattering

 Tree +  Tree  ( Penguin / Tree )  


                       Determined by the rescattering 

λs λb

λs λb ×

λs

λq = V*cqVuq
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• Rescattering 
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
19 See Yu’s talks for .Bc → BV



• Rescattering —  ℒTree
BcBP

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)

ℒTree
BcBP

From above, we deduce:

where

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

20

(ℋ+)ij
k

(ℋ+)ij
k

(ℋ−)ij
k

(ℋ−)ij
k



At quark level generates

penguin topology

⟨ℒFSR−s
BcBP ⟩ = − ⟨(ℒstrong

BIBP )(ℒstrong
BIB′ P′ 

)(ℒTree
BcB′ P′ )⟩s−contract⟨ℒFSR−s

BcBP ⟩ = − ⟨(ℒstrong
BIBP )(ℒstrong

BIB′ P′ 
)(ℒTree

BcB′ P′ )⟩s−contract

. . .

We substitute  with∑
BI

(BI)k1
i1 (BI)j2

k2 ∑
λa

(λa)k1
i1 (λa)j2

k2
= δ j2

i1
δk1

k2
−

1
3

δk1
i1

δ j2
k2

• Rescattering —  ℒFSR−s
BcBP
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(ℋ−)ij
k



• Rescattering — Net results

1.  and  share the same 

    unknown .

f̃ f̃3
F̃±

V, S̃−, T̃−

2.  can be determined 

   by CP-even data. 

f̃

Much more complicated compared 
 to  in D mesons !  PLD = E

PRD 100, 093002 (2019) also H. Y. Cheng talk

Amplitudes     ∼
λs − λd

2
f̃ + λb f̃3
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• Rescattering — Net results

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
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ACP(Ξ0
c → pK−) − ACP(Ξ0

c → Σ+π−) = (1.87 ± 0.57) ⋅ 10−3
• Rescattering — Net results
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• 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*
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• Some puzzles in 3-body decays…

Γ (Ξ+
c → pπ+K−) ≈ 10 Γ (Λ+

c → Σ+π−K+)

A (Ξ+
c → pπ+K−) = A (Λ+

c → Σ+π−K+)
Γ ∝ ∫ (A2 + κ2 (m2

23) B2) dm2
12dm2

23 ∝ ΔE4

Provided that  are structureless* A, B

arXiv: 2403.06469 accepted by PRD; credit to 柳盛麟

(16 ± 6) × 10−15 GeV
(6.6 ± 1.3) × 10−15 GeVLHCb

Belle

BESIII

PRD 102, 071101 (2020) 

PRD 100, 031101 (2019) 

JHEP 09, 125 (2023)

There is not enough data to perform a comprehensive study. However…

26

(6.2 ± 3.3) × 10−15 GeV

(42.2 ± 3.9) × 10−15 GeV (5.3 ± 1.0) × 10−15 GeV

A simple solution would be replacing  with  functions, i.e. resonance.A2, B2 δ

Ours



What have been done

Tree[  +  ( Penguin / Tree )  ] 


                      


λd,s λb

SU(3) flavor symmetry Rescattering

What we need
Measurements of  and  in near futureβ γ

Measurements of  in STCF, Belle II, LHCbACP



Backup slides



• Backup slide

f0(1790)

1.  might be a glueball which mainly decays to KK.f0
2. Its mass is too close to D meson, enhancing SU(3) breaking effects from mass spectrum.

3. There do not have known intermediate baryons play the same rule (?)



• Backup slide


