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Color symmetry + SU(3) flavor symmetry

Research Motivation - Nonleptonic decays

PLB 794, 19 (Feb 16, 2019)



Research Motivation - Nonleptonic decays

Input:
104ℬ(Λ+

c → Σ0K+) = 5.2 ± 0.8
100ℬ(Ξ0

c → Ξ−π+) = 1.80 ± 0.52

= 0

PRD 101 014011 (2020); PRD 97 074028 (2018)

ℛ(X) :=
ℬ(X)

ℬ(Ξ0
c → Ξ−π+)

PRD 54, 2132 (1996)
Chau, Cheng, Tseng

Cheng, Xu
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Research Motivation - Nonleptonic decays

Input:
104ℬ(Λ+

c → Σ0K+) = 5.2 ± 0.8
100ℬ(Ξ0

c → Ξ−π+) = 1.80 ± 0.52

PRD 101 014011 (2020); PRD 97 074028 (2018)

ℛ(X) :=
ℬ(X)

ℬ(Ξ0
c → Ξ−π+)

See 胥英超’s talk

Better than SU(3) flavor symmetry. 
PRD 54, 2132 (1996)

Chau, Cheng, Tseng

Cheng, Xu

6.2 ± 2.5

• Test the KPW theorem directly


• Protected by the isospin symmetry


• The only two channels in .ℬc → ℬP



Research Motivation - Nonleptonic decays

Input:
104ℬ(Λ+

c → Σ0K+) = 5.2 ± 0.8
100ℬ(Ξ0

c → Ξ−π+) = 1.80 ± 0.52

PRD 101 014011 (2020); PRD 97 074028 (2018)

Cabibbo-favored; large destructive interference

Cabibbo-favored

Cabibbo-suppressed, V2
cd ≈ 0.05

 is found to be 20 
times smaller than 
ℬ(Ξ0

c → Σ0K0
s )

ℬ(Ξ0
c → Ξ−π+)

Inconsistencies are mainly 
found in the  decays,  
whereas the  ones fit well.

Ξc
Λ+

c
ℛ(X) :=

ℬ(X)
ℬ(Ξ0

c → Ξ−π+)

Cheng, Xu



Research Motivation - Semileptonic decays

ℬALICE = (2.43 ± 0.25 ± 0.35 ± 0.72) %

Ξ0
c → Ξ−e+νe

ℬBelle = (1.31 ± 0.04 ± 0.07 ± 0.38) %

ℬSU(3) = (4.05 ± 0.15) %

ℬLQCD = (2.38 ± 0.30 ± 0.32 ± 0.07) %

PRL 127 121803 (2021)

From ℬ(Λ+
c → Λe+νe) = (3.56 ± 0.11 ± 0.07) %

PRL 127 272001 (2021)

CPC 46 011002 (2022)

R(method) =
2τΛ+

c

3τΞ0
c

ℬmethod(Ξ0
c → Ξ−e+νe)

ℬ(Λc → Λe+νe)

PRL 129, 231803 (2022)

PLB 823, 136765 (2021)
X. G. He, Fei Huang, W. W., Zhi-Peng Xing
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3 :  antisymmetric in u, d, s

6 :  symmetric in u, d, s

Categorized according to the SU(3)F group



Ξc = cos θcΞ3
c + sin θcΞ6

c
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Mass relations

Ξ6
c = Ξ*c −

1
2 (Σ*c − Σc + Ω*c − Ωc)

Breaking 

operators

Phys. Rev. D 54, 4515 (1996),
Phys. Rev. D 77, 034012 (2008)

Phys. Rev. D 55, 10 (1997),

Ξ6
b =

1
2 (Σb + Ωb) −

1
2 (Σ*c − 2Ξ*c + Ω*c )

Improved equal spacing rule

(Λ, ϵΛχ) ≈ (300, 225) MeV

ϵ =
1
4

∼
ms

Λ χ

Ξ6
c = 2.5600(11) GeV

Ξ6
b = 5.9315(18) GeV

Ξ′ c = 2.5784(4) GeV

Ξ′ b = 5.93502(5) GeV
  if  Ξ6

Q = Ξ′ Q θQ = 0
Independent 

of mQ

Orders of errors
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Ξ6
c = 2.5600(11) GeV

|θc | = 0.137(5)π

|θb | = 0.049(13)π
Ξ6

b = 5.9315(18) GeV

θb/θc = mc/mb ≈ 0.3
Ξ36

c ≈ 40 MeV



Mass relations obtained from mass relations :  |θc | ≈ 25∘

θc = 8.12∘ ± 0.80∘
HQET after revised* : θc ≈ − 24∘

Assume , where   describes the chromo-
interaction among the heavy and light quarks.

λ′ 2 = λ2 λ(′ )
2

+

+

Missing in the paper  O ( ms

mQ )

The sign depends on the convention*HQET : 

 θQ ∝
ms

mQ



The mixing effects in  semileptonic decaysΞc

Ref. [5] Particles 3, 208 (2020)

Ref. [6] CPC 42, 093101 (2018)

Ref. [7] PRD 103, 054018 (2021)

𝒜(Ξ0
c → Ξ−e+νe) = cos θc𝒜(Ξ03

c → Ξ−e+νe)
+sin θc𝒜(Ξ06

c → Ξ−e+νe)

𝒜(Ξ0
c → Ξ−e+νe) ≈ cos θc𝒜(Ξ03

c → Ξ−e+νe)

Γ → cos2 θcΓ ≈ 0.8Γ

Relativistic quark model

Light-front quark model

Calculate by the bag model

See 邢志鵬’s talk

See 康现伟’s talk

See 赵振兴’s talk



The mixing effects in  semileptonic decaysΞc

Spin-3/2

𝒜(Ξc → Ξ′ e+νe) = cos θc𝒜(Ξ3
c → Ξ′ e+νe)

+sin θc𝒜(Ξ6
c → Ξ′ e+νe)

= sin θc𝒜(Ξ6
c → Ξ′ e+νe)

Ξc = (Ξ+
c , Ξ0

c) Ξ′ = (Ξ0(1530), Ξ−(1530))

ℬ(Ξ0
c → Ξ′ −e+νe) = (4.4 ± 0.5) × 10−3

Γ(Ξc → Ξe+νe) = sin2 θcΓ(Ξ6
c → Ξ′ e+νe)

ℬ(Ξ+
c → Ξ′ 0e+νe) = (1.3 ± 0.2) %

Forbidden for θc = 0

Prediction

Can be recommended to lattice QCD.



The mixing effects in  nonleptonic decaysΞc

Ξ+
{s, u}u

s
sc

Ξ′ 0c

π+

Ξ′ 0s

d

c

π+

u

s
u

Ξ+
c

Forbidden for θc = 0 Forbidden by 

ℬ (Ξ+
c → Ξ′ 0π+) = sin2 θcℬ (Ξ6+

c → Ξ′ 0π+) = (3.8 ± 0.5) × 10−3

Vcs𝒜(Ξ0
c → Ξ−π+) ≠ Vcd𝒜(Ξ0

c → Ξ−K+)

Phys. Rev. D 46, 3836 (1992); Z. Phys. C 55, 659 (1992); Phys. Rev. D 55, 7067 (1997)

See 徐繁荣’s slide
Might solve the discrepancy



Vcs𝒜(Ξ0
c → Ξ−π+) ≠ Vcd𝒜(Ξ0

c → Ξ−K+)

See 徐繁荣’s slide

The mixing effects in  nonleptonic decaysΞc

Ξ+
{s, u}u

s
sc

Ξ′ 0c

π+

Ξ′ 0s

d

c

π+

u

s
u

Ξ+
c

Forbidden for θc = 0 Forbidden by 

ℬ (Ξ+
c → Ξ′ 0π+) = sin2 θcℬ (Ξ6+

c → Ξ′ 0π+) = (3.8 ± 0.5) × 10−3

Phys. Rev. D 46, 3836 (1992); Z. Phys. C 55, 659 (1992); Phys. Rev. D 55, 7067 (1997)

Either there is mixing or the KPW theorem is invalid



The mixing effects in  semileptonic decaysΞcc

ℛ(θc) =
Γ′ 

Γ
=

Γ(Ξcc → Ξ′ ce+νe)
Γ(Ξcc → Ξce+νe)

α(′ ) =
Γ(′ )(λ = 1/2) − Γ(′ )(λ = − 1/2)
Γ(′ )(λ = 1/2) + Γ(′ )(λ = − 1/2)

ℛ, α, α′ = 7.33 ± 0.23, 0.32, − 0.76

ℛ, α, α′ = 0.46 ± 0.01, − 0.82, − 0.38
For θc = 0.137π

For θc = − 0.137π



The mixing effects in  nonleptonic decaysΞcc
Current algebra (S wave) + Pole model (P wave) Table from PRD 101 014011 (2020)

ℛ(Ξcc → Ξcπ) ≡
ℬ(Ξcc → Ξ′ cπ)
ℬ(Ξcc → Ξcπ) ℛ(Ξ++

cc → Ξ+
c π+) = 6.74

ℛ(Ξ++
cc → Ξ+

c π+) = 1.41 ± 0.17 ± 0.10
LHCb, JHEP 46 011002 (2022)

Current algebra, PRD 01 034034 (2022)



The mixing effects in  nonleptonic decaysΞcc

LHCb, JHEP 46 011002 (2022)

Current algebra, PRD 01 034034 (2022)

For comparison with the others and references, please consult arXiv: 2211.12960

Covariant quark model 
to three-loop order

ℛ(Ξ++
cc → Ξ+

c π+) = 6.74

ℛ(Ξ++
cc → Ξ+

c π+) = 1.41 ± 0.17 ± 0.10
Light-front quark model, PRD 01 034034 (2022)

θc = − 0.090(12)π, − 0.48(1)π

θc = − 0.137π

θc = 0



 Λ+
c

udc

 Ξ0
c3

dsc
 Ξ+

c3
usc

 Ξ0
c6

dsc
 Ξ+

c6
usc

 Σ0
c

ddc
 Σ+

c
udc

 Σ++
c

uuc

 Ω0
c

ssc
• Both the mass spectrum and decays 

seem to prefer large mixing angle in QM.

• Special thanks to 李龙科 and 鄭海揚



O+

Back-up slide: Validity of Körner-Pati-Woo theorem

≈



Back-up slide: Validity of Körner-Pati-Woo theorem

Input:
104ℬ(Λ+

c → Σ0K+) = 5.2 ± 0.8
100ℬ(Ξ0

c → Ξ−π+) = 1.80 ± 0.52

O+
= 0

PRD 101 014011 (2020); PRD 97 074028 (2018)

ℛ(X) :=
ℬ(X)

ℬ(Ξ0
c → Ξ−π+)



Mass relations

Ξ6
c = Ξ*c −

1
2 (Σ*c − Σc + Ω*c − Ωc)

Orders of errors
Breaking 

operators

Phys. Rev. D 54, 4515 (1996),
Phys. Rev. D 77, 034012 (2008)

Phys. Rev. D 55, 10 (1997),

Improved equal spacing rule

Independent 
of mQ

(Λ, ϵΛχ) ≈ (300, 225) MeV

M0
Q =

1
2

(ΞQ + Ξ′ Q)

MΔ
Q =

1
2

(Ξ′ Q − ΞQ)(Σb + 2Σ*b ) − 2 (Ξ′ b + 2Ξ*b ) + (Ωb + 2Ω*b )
= (Σc + 2Σ*c ) − 2 (Ξ′ c + 2Ξ*c ) + (Ωc + 2Ω*c ) ± 0.3MeV

ϵ =
1
4

∼
ms

Λ χ


