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  Motivation

A competitive explanation  
is through the    mixingΞc − Ξ′ c

2022 Review of Particle Physics (using only the Belle measurement as input)

Phys. Rev. Lett. 127 no. 12, (2021)  

Phys. Rev. Lett. 127 no. 27, (2021) 

PTEP 2022 (2022) 083C01.  

Zhang et al., (2022)  

Geng, Liu, and Tsai, 2021 


Zhao, 2021 

Faustov and Galkin, 2019 


Geng et al., 2019 


Zhao, 2018 

Geng et al., 2018  

Geng et al., 2017  

Azizi, Sarac, and Sundu, 2012 


Liu and Huang, 2010 


Big discrepancy!

Experimental studies

Theoretical studies



   mixingΞc − Ξ′ c

In heavy quark limit, heavy baryon with one charm     

quark can be classified according to angular 

momentum  of  light quark system. Jqq

Jqq = 0

Jqq = 1

Mixing effect can be described by a 2 × 2 matrix

Energy  
eigenstates

Flavor  
eigenstates
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   mixingΞc − Ξ′ c

Some results from various methods



Lattice simulation

Charm quark on discrete lattice:

consider both IR and UV effects:

mπL ≳ 4, and a−1 ≫ mass scale

for , and mπ = mphy
π ∼ 140MeV mc ≃ 1.3GeV,

L ≳ 5.6fm

a−1 ≫ 1.3GeV ≃ (0.15fm)−1 a

L

× T



  CLQCD ensembles

An improved method to determine the   mixing

                            H. Liu et al., arXiv:hep-ph/2309.05432

Ξc − Ξ′ c

 mixing from Lattice QCD

                        H.Liu et at., Phys.Lett.B 841 (2023) 137941 
Ξc − Ξ′ c



   mixing from LQCDΞc − Ξ′ c

Baryonic operators of    eigenstatesSU(3)F

Build the 2x2 correlation function matrix of  lattice calculation
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 Mixing angle from generalized eigenvalue problem(GEVP)

Solving the generalized eigenvalue problem:
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Mass from eigenvalues
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Mixing angle from eigenvectors

Model average method
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Solving the generalized eigenvalue problem:
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 Mixing angle from generalized eigenvalue problem(GEVP)

Solving the generalized eigenvalue problem:

<latexit sha1_base64="yYrOsjFjqq6hwvikJ0eGIt5Xe6s=">AAACIHicbVC7TsMwFHXKq5RXgJElokIqS5UgoCxIFV0Yi0QfUhNFjuO0Vh0nsp1KVdRPYeFXWBhACDb4Gpw0A225kq3jc8+9vvd4MSVCmua3Vlpb39jcKm9Xdnb39g/0w6OuiBKOcAdFNOJ9DwpMCcMdSSTF/ZhjGHoU97xxK8v3JpgLErFHOY2xE8IhIwFBUCrK1Rt2COUIQZq2ZjV5PnGZum9tqjr4MH8sCFxeSFy9atbNPIxVYBWgCopou/qX7UcoCTGTiEIhBpYZSyeFXBJE8axiJwLHEI3hEA8UZDDEwknzBWfGmWJ8I4i4OkwaOfu3IoWhENPQU8psWrGcy8j/coNEBjdOSlicSMzQ/KMgoYaMjMwtwyccI0mnCkDEiZrVQCPIIZLK04oywVpeeRV0L+rWdf3q4bLavCvsKIMTcApqwAIN0AT3oA06AIEn8ALewLv2rL1qH9rnXFrSippjsBDazy+7EKK0</latexit>

C(t)vn(t) = �n(t)C(tr)vn(t)

Mass from eigenvalues

<latexit sha1_base64="HCt/UkbEvonLfTzfnf9fUSnfRZU="></latexit>

�n(t) = c0e
�mn(t�tr)

⇣
1 + c1e

��E(t�tr)
⌘

<latexit sha1_base64="SAd4fU7Xh2GnAkUNFpr86UD1lRY="></latexit>

v1 =

s

1 +
A2

p cot
2 ✓

B2
p

 
Ap

Bp
cot ✓

1

!
,

v2 =

s

1 +
A2

p tan
2 ✓

B2
p

 
�Ap

Bp
tan ✓

1

!

Mixing angle from eigenvectors

Model average method

<latexit sha1_base64="wc9RugbfUcFOd6EzqTb0I8VBX4w=">AAACJ3icbZDLSgMxFIYz9VbrrerSTbAIFaTMiLeNUtSFm0IFe4HOUDJp2oYmmSHJCGXs27jxVdwIKqJL38RMOwtt/SHw851zyDm/HzKqtG1/WZm5+YXFpexybmV1bX0jv7lVV0EkManhgAWy6SNFGBWkpqlmpBlKgrjPSMMfXCX1xj2RigbiTg9D4nHUE7RLMdIGtfMX0GVI9BiByJVjc+6qiLcrMzxBHOm+5HFVjoqVh+v9A9jOF+ySPRacNU5qCiBVtZ1/dTsBjjgRGjOkVMuxQ+3FSGqKGRnl3EiREOEB6pGWsQJxorx4fOcI7hnSgd1Amic0HNPfEzHiSg25bzqTTdV0LYH/1VqR7p55MRVhpInAk4+6EYM6gElosEMlwZoNjUFYUrMrxH0kEdYm2pwJwZk+edbUD0vOSen49qhQvkzjyIIdsAuKwAGnoAxuQBXUAAaP4Bm8gXfryXqxPqzPSWvGSme2wR9Z3z/uG6Va</latexit>

hai =
X

M

haiMPr(M |D),

<latexit sha1_base64="+tDyKTelv5ZPTfvG8iSa0MsjaSQ="></latexit>

Pr(M |D) ⇡ exp
⇥
� 1

2
(�2

aug(a
⇤) + 2k + 2Ncut)

⇤



 Mixing angle from generalized eigenvalue problem(GEVP)

Solving the generalized eigenvalue problem:
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 Chiral and continuum extrapolation 

Extrapolation formula:
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One can extract the mixing parameters from a joint analysis of  both 

diagonal and non-diagonal terms.

Insert the mass eigenstates and consider the excited state contributions are greatly suppressed,  

parametrization form of  correlation function matrix elements:

 Mixing angle from correlated joint fit
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  dependencemc

In HQET, the mixing would vanish in the heavy-quark limit. 

Valence quark mass in tunable in lattice QCD. 

Solve the baryon masses and mixing angle from different charm quark masses; 

Then fit the  dependence of  :mc θ
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  An improved method of    mixingΞc − Ξ′ c

SU(3) flavor  
symmetry breaking

The QCD Lagrangian

with

Therefore, the Hamiltonian is correspondingly derived as

with



  Energy(mass) eigenstates and Flavor eigenstates

Rotation
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  Energy(mass) eigenstates and Flavor eigenstates

Rotation
<latexit sha1_base64="eLbCysxinmrUT2CjSZRoA++3pcM="></latexit>✓

|⌅ci
|⌅0

ci

◆
=

✓
cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
|⌅3̄

ci
|⌅6

ci

◆

<latexit sha1_base64="m/WY0ctxmXh4Lqm45F6DE0T250g="></latexit>

MF,11 = 2m2
⌅3̄

c
+ (ms �mu)M

3̄�3̄
s̄s

MF,22 = 2m2
⌅6

c
+ (ms �mu)M

6�6
s̄s

MF,12 = (ms �mu)M
3̄�6
s̄s

MF,21 = (ms �mu)M
6�3̄
s̄s

 are eigenstate of  

under the   symmetry

|Ξ3̄/6
c ⟩ H0

SU(3)F



 Extraction of  the matrix elements

We want 

We construct and simulate

Operators of  SU(3)  
flavor eigenstates  and 3̄ 6

Three-point function
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Inserting the hadronic states and keeping the lowest two 



 Extraction of  the matrix elements
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R can be parameterized as

Combining the 3pt and 2pt, one can remove the  

dependence on the decay constants



 Numerical results of  the mixing angle

  

   
from PDG.

mΞc
= 2.468GeV

mΞ′ c
= 2.578GeV

from the fitting 

|M6−3̄
s̄s | = 0.155(14)GeV

  
from PDG

ms − mu ≃ 0.12GeV

The mixing angle is about  and consistent with the previous lattice investigation. 1∘

statistical from quark mass difference



 SUMMARY 

We have explored the  mixing by two different methods 

Calculate the two-point correlation matrix and adopt two independent methods to determine 

the mixing angle; 

 Develop an improved method to explore the mixing which arises from the SU(3) flavor 

symmetry breaking effects. 

Our numerical results are consistent and are not able to explain the large SU(3) symmetry 

breaking in semileptonic charmed baryon decays. 

  

OUTLOOK 

The two methods can be used to other interesting examples such as the  and 

 mixing which exhibit effects on multiple decay channels…

Ξc − Ξ′ c

K1(1270)

K1(1400)

Thank you!




