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•Λc QCD sum rules 
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•OPE of Λc correlation function 



In vacuum 

N 

N 

N 

N 

N 
N 

N 

N 

N N 

N 

In nuclear matter 

  
  

Hadrons in nuclear matter 

• Interaction between probe hadron and nucleon 

• The relation between hadron mass and the spontaneous breaking of chiral symmetry 

Probe hadron 



The relation between hadron mass and the spontaneous breaking of chiral symmetry 
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In this study, we investigate ΛC baryon in nuclear matter. 

Discussion about mass differences between chiral partners 

Relation between mass shift and strangeness 
content of the nucleon 

Relation between mass shift and partial restoration 
of chiral symmetry 

Relation between mass shift and partial restoration 
of chiral symmetry including strange sector 
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Flavor symmetry is largely broken. Approximated flavor symmetry 
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The diquark properties can be investigated. 



We investigate the mass shift of Λc  in nuclear matter and discuss  
the relation between the diquark and partial restoration of chiral symmetry. 
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Analysis method: QCD sum rule 
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• There are large discrepancies in the results. 
• The equations of OPE do not consist with each other. 

αs corrections (NLO) 

Parity projection 
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Up to dimension 8 condensate (higher order contribution) 

Results in Vacuum 

Results in nuclear matter 

Our analyses 

Recalculation of OPE 

Previous works by QCD sum rule 



Correlation function:  

Λc  interpolating operator: u d 
c 

Good diquark 
(Scalar diquark) 

(Schematic figure) 



Parity projected 
QCD sum rule 

Gaussian sum rule: 
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Hadronic spectral function 

Correlation function:  



Parity projected 
QCD sum rule 

Gaussian sum rule: 

Correlation function:  



Calculated by operator product  
expansion(OPE)  
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(In vacuum) 

Non-perturbative contributions are  
expressed by condensates. 

Parity projected 
QCD sum rule 

Gaussian sum rule: 
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Calculated by operator product  
expansion(OPE)  
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(In vacuum) 

Non-perturbative contributions are  
expressed by condensates. 
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Parity projected 
QCD sum rule 

Gaussian sum rule: 

Correlation function:  



(Linear density approximation) 

Application to the analyses in nuclear matter 

New condensates: 

Condensates have the density dependence. 

In-medium effects can be expressed by the in-medium modifications of the condensates. 



Parity projected 
QCD sum rule 

Gaussian sum rule: 

Correlation function:  

• Non-perturbative contributions are expressed by condensates. 
• In-medium effects can be expressed by the in-medium modifications of the condensates. 

Condensates:  

What kind of condensates does the Λc  correlation function contains?  

How do the in-medium effects appear? 

Are there contributions from chiral condensate? 

Are the in-medium effects related to only light quarks? 

Is the heavy quark treated as spectator? 

Non-perturbative effects  
In-medium effects 



Diagrams of Λc OPE: 
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Perturbative (LO) NLO 

Parity projected 
QCD sum rule 

Gaussian sum rule: 

Correlation function:  

Generally,  



Diagrams of Λc OPE: 
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Perturbative (LO) NLO 

Gaussian sum rule: 

The contributions from chiral condensates are strongly suppressed. 



Diagrams of Λc OPE: 
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Perturbative (LO) NLO 

Gaussian sum rule: 

The right handed spinor of d quark is also  
paired with left handed one. 

The property of 

The right handed spinor of u quark  
is paired with left handed one.  

The contributions appear as                 and are numerically small. 

Λc  interpolating operator: 



Diagrams of Λc OPE: 
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Perturbative (LO) NLO 

Gaussian sum rule: 

The contributions appear as                 and are numerically small. 

More explicitly, the contributions of          are expressed as the following form. 

Λc  interpolating operator: 



Diagrams of Λc OPE: 
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Gaussian sum rule: 
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4 quark condensate 

The effect from the partial restoration of the chiral symmetry 

Λc baryon knows the partial restoration of the chiral symmetry breaking  
through four quark condensates. 



Diagrams of Λc OPE: 
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Perturbative (LO) NLO 

Gaussian sum rule: 

Furthermore, contributions from some kinds of condensates are also suppressed.  



Diagrams of Λc OPE: 

Gaussian sum rule: 
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: Condensates 
: Heavy quark 

: Light quark 

Contributions from some kinds of condensates are suppressed.  



Diagrams of Λc OPE: 

Gaussian sum rule: 
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: Condensates 
: Heavy quark 

: Light quark 

Contributions from some kinds of condensates are suppressed.  

Related to the heavy quark 

Related to the light quark 

Related to the heavy and light quarks Related to the light quarks 



Diagrams of Λc OPE: 

Gaussian sum rule: 
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: Condensates 
: Heavy quark 

: Light quark 

Contributions from some kinds of condensates are suppressed.  

Related to the heavy quark 

Related to the light quark 

Related to the heavy and light quarks Related to the light quarks 

: These contributions are numerically small.  



Diagrams of Λc OPE: 

Gaussian sum rule: 

: Condensates 
: Heavy quark 

: Light quark 
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Contributions from some kinds of condensates are suppressed.  

This result indicates that 



Diagrams of Λc OPE: 

Gaussian sum rule: 

: Condensates 
: Heavy quark 

: Light quark 
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Contributions from some kinds of condensates are suppressed.  
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Schematic figure: 
In-medium effects 

The in-medium modifications of Λc baryon are come from 
the good diquak in the baryon.  



At ρ＝1.0ρN, the sfift 

The density dependence of  



•We analyze the Λc spectral function in vacuum and nuclear matter. 

•We will compare the case of Λ baryon. 

• We investigate the density dependence of the mass of Λc . 

•We construct the parity projected  Λc QCD sum rule. 

• As the density increases, the mass of Λc increases.  

•From Λc sum rule, it is found that the  Λc knows the partial restoration of chiral  
 symmetry through four quark condensate and mass shift of Λc come from the  
 good diquark.  





Vacuum 

Density dependence of the 



Density dependence of the 
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Density dependence of the 

ρ＝2.0ρN 
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Error bar:  

: The number of the point τ in the analyzed τ region 

: The number of the condensate sets which are 
randomly generated with errors 


