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-­‐Spectroscopy	
  of	
  heavy	
  baryons	
  
-­‐λ-­‐mode	
  and	
  ρ-­‐mode	
  (Main	
  topic)	


Hamiltonian	
  
Calcula8on	
  method	
  (Gauss	
  expansion	
  method)	
  

→Defini8on	
  of	
  two	
  modes	
  
	
  	
  	
  	
  Separa8on	
  of	
  two	
  modes	
  	
  

Mass	
  of	
  Charm,	
  BoRom	
  baryons	
  
HQ	
  mass	
  dependence	
  of	
  baryon	
  mass	
  and	
  wave	
  func8on	
  



We do not have the information of the excited heavy baryons	




ρ-mode and λ-mode	


q	
 q	


c	
 c	


q	
 q	


ρ-mode excitation	
 λ-mode excitation	


lρ=1	


lλ=0	


From these two modes, we characterize P-wave "
state of the heavy baryons."
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lρ=0	


lλ=1	


-Why we focus on the excited heavy baryons?-!
                  (What is interesting?)	




Harmonic oscillator type potential	


ρ-mode and λ-mode	
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-Why we focus on the excited heavy baryons?-!
                  (What is interesting?)	




Harmonic oscillator type potential	
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This	
  feat
ure	
  is	
  se

en	
  only	
  i
n	
  heavy	
  

quark	
  se
ctor	
  

(Dynamics	
  which
	
  is	
  pecul

iar	
  to	
  he
avy	
  quar

k	
  region
)	
  	
  	
  

→	
  It	
  must	
  be	
  se
en	
  in	
  the

	
  spectra	
  
of	
  heavy

	
  baryons
	


-Why we focus on the excited heavy baryons?-!
                  (What is interesting?)	




Mixing of λ and ρ-mode	
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Spin-Spin force induce the mixing of λ and ρ-mode	
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?	
We	
  can	
  get	
  the	
  informaVon	
  of	
  the	
  structure	
  of	
  P-­‐wave	
  
	
  heavy	
  baryons	
  from	
  the	
  coefficients	
  C_λ	
  ,	
  C_ρ	
  	
  	


λ	


pure	
  λ-­‐mode	


ρ-­‐mode	
  like?	


Two	
  modes	
  mix	
  strongly?	




Decay pattern	


Q	


Q	
ρ-mode	


Γ(ΣQπ)>Γ(pD)	


Q	


Q	
λ-mode	


Γ(ΣQπ)<Γ(pD)	
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1.Prediction for the heavy baryon spectra of excited state"
→・ It has not been observed experimentally"
    ・ It is difficult to treat in the Lattice QCD"
"
"
2. The separation of the λ- and ρ- modes"
→・ It is seen only in the heavy quark sector."
    ・ The feature is reflected on decay."

Why we focus on the excited heavy baryons?	




T +Vconf +Vshort −E"# $% Ψ JM = 0

Constituent quark model	

Schrödinger equation	


Coulomb force depend on quark mass	


ΛQ

ΣQ

AnV-­‐symmetric	
  LS	
  force	


αCoul (µij )αCoul

[H, sQ ]= [H,J− sQ ]= [H, j]= 0
Heavy	
  quark	
  spin	
  conserve	
  in	
  heavy	
  quark	
  limit	
 Q sQ = Q sQ

j +1/ 2 j −1/ 2

We	
  will	
  see	
  two	
  state	
  degenerate	
  in	
  
the	
  heavy	
  quark	
  limit	
  (HQS	
  doublet)	


・Introduce	
  color	
  Coulomb	
  force	
  which	
  depend	
  on	
  quark	
  mass	
  
(Form	
  recent	
  La\ce	
  QCD	
  calcula8on)	
  
・Introduce	
  ALS	
  force	
  to	
  guarantee	
  HQ	
  symmetry	
  
(Because	
  now	
  we	
  focus	
  on	
  heavy	
  quark	
  sector	
  )	
  	
  
・Parameters	
  is	
  determined	
  by	
  experimental	
  data	
  of	
  strange	
  baryons	
  
(we	
  omit	
  Λ(1405)	
  and	
  Roper	
  like	
  resonance	
  to	
  fit	
  the	
  data)	
  	
  	
  	
  

Taichi	
  Kawanai	
  and	
  Shoichi	
  Sasaki.	
  	
  
Phys.Rev.Le].,107:091601,	
  2011.	
 Q sQ = Q	
 sQ

j +1/ 2 j −1/ 2

We	
  will	
  see	
  two	
  state	
  degenerate	
  in	
  the	
  
heavy	
  quark	
  limit	
  (HQS	
  doublet)	




Gaussian Expansion Method 

Channel1	
 Channel2	
 Channel3	


Ψ JM =ΦJM
(C=1)(r1,R1)+ΦJM

(C=2)(r2,R2 )+ΦJM
(C=3)(r3,R3)

ΦJM
(C ) = AnClC .NCLC

(C ) φnClC
G (rC )ψNCLC

G (RC )"# $%
nCl,C NCLC

∑

φnlm
G (r) = Nnlr

le−νnr
2

Ylm (r̂)

ψNLM
G (R) = NNLR

Le−λNr
2

YLM (R̂)

Wave	
  func8on	
 Trial	
  func8on	


jacobi	
  coodinate	


ü  We	
  describe	
  baryon	
  wave	
  
func8on	
  	
  as	
  sum	
  of	
  channels	
  

ü  We	
  use	
  Gaussian	
  basis	
  
func8on	
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Nij = φJM
(i) φJM

( j )

Hij = φJM
(i) H φJM

( j )

Eigen	
  value	
  problem	


E.	
  Hiyama,	
  Y.	
  Kino	
  and	
  M.	
  Kamimura,	
  Prog.	
  Part.	
  Nucl.	
  Phys.	
  51	
  (2003)	
  223	
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Result	
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Spectra of Charmed baryons	
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Bottom baryons	


P-wave states	


P-wave states	


ρ-­‐mode	
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Spectra of bottom baryons	
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Ψ
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Ψ
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=Cρ ρ +Cλ λ Cλ
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Summary	
 

ü We	
  calculate	
  charmed	
  baryon	
  spectra	
  and	
  our	
  result	
  
reproduce	
  experimental	
  data.	
  	
  

	
  	
  	
  (except	
  for	
  Λ(1405))	
  
	
  
ü In	
  heavy	
  quark	
  sector,	
  states	
  separate	
  into	
  λ-­‐mode	
  
and	
  ρ-­‐mode.	
  And	
  one	
  mode	
  become	
  quite	
  dominant.	
  

→This	
  feature	
  will	
  reflect	
  	
  on	
  decay	
  of	
  heavy	
  baryons	
  
(We	
  need	
  more	
  informa8on	
  of	
  decay	
  of	
  heavy	
  baryons)	
  



Thank	
  you	
  for	
  your	
  a]enVon!!	
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ρ-mode	


λ-mode	


Level structure of P-wave singly heavy baryon	


mQ =mq mQ >mq
+Spin-Spin	


Λc ( 12
− 3
2
− 5
2
− )

Λc ( 12
− 3
2
− )

Λc ( 12
− 3
2
− )

Σc ( 12
− 3
2
− 5
2
− )

Σc ( 12
− 3
2
− )

Σc ( 12
− 3
2
− )

Isotope shift	


Central force 	


ρ-modes	


λ-modes	


+LS, Tensor force	


Ground	
  State	


Λc ( 12
+ )

Σc ( 32
+ )

Σc ( 12
+ )

Mixing	


20	




Taichi	
  Kawanai	
  and	
  Shoichi	
  Sasaki.	
  Phys.Rev.LeR.,107:091601,	
  2011.	


T +Vconf +Vshort −E"# $% Ψ JM = 0

Constituent quark model	

Schrödinger equation	


Coulomb force depend on quark mass	


ΛQ ΣQ

AnV-­‐symmetric	
  LS	
  force	


αCoul (µij )αCoul

[H, sQ ]= [H,J− sQ ]= [H, j]= 0
Heavy	
  quark	
  spin	
  conserve	
  in	
  heavy	
  quark	
  limit	
 Q sQ = Q sQ

j +1/ 2 j −1/ 2

We	
  will	
  see	
  two	
  state	
  degenerate	
  in	
  
the	
  heavy	
  quark	
  limit	
  (HQS	
  doublet)	




Constituent quark model	


Taichi	
  Kawanai	
  and	
  Shoichi	
  Sasaki.	
  Phys.Rev.LeR.,107:091601,	
  2011.	


Coulomb	
  force	
  strongly	
  depends	
  	
  
on	
  quark	
  mass	
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The	
  separa8on	
  of	
  λ-­‐	
  and	
  ρ-­‐mode	
  
	
  become	
  clear	
  in	
  the	
  boRom	
  sector.	




Parameters	


Constituent quark model	
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Parameters	


Constituent quark model	
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We	
  neglect	
  Λ(1405)	
  
to	
  fit	
  the	
  data	




ΛQ

ΣQ

ΞQQ

5 λ-modes	
2 ρ-modes	


2 λ-modes	
5 ρ-modes	


5 λ-modes	
2 ρ-modes	


The number of λand ρ-mode	
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Heavy baryons in the heavy quark 
limit	


[H, sQ ]= [H,J− sQ ]= [H, j]= 0
Heavy	
  quark	
  spin	
  conserve	
  in	
  heavy	
  quark	
  limit	
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Heavy baryons in the heavy quark 
limit	


[H, sQ ]= [H,J− sQ ]= [H, j]= 0
Heavy	
  quark	
  spin	
  conserve	
  in	
  heavy	
  quark	
  limit	


This	
  leads	
  to	
  ..	
  	


Q	


j

sQ =
Q	


j

sQ

j +1/ 2 j −1/ 2
We	
  will	
  see	
  two	
  state	
  degenerate	
  
in	
  the	
  heavy	
  quark	
  limit	
  	
  
(HQS	
  doublet)	
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Heavy baryons in the heavy quark 
limit	


The	
  number	
  of	
  spin	
  singlet	
  and	
  doublet	
  for	
  P-­‐wave	
  state	

j= s+ l+L
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Heavy baryons in the heavy quark 
limit	


The	
  number	
  of	
  spin	
  singlet	
  and	
  doublet	
  for	
  P-­‐wave	
  state	
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ΞQQ	


λ-mode	


ρ-mode	
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5
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Quark	
  mass	
  dependence	
  of	
  Excited	
  energy	
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Λ	
  baryon　→　λ-­‐mode	
  become	
  dominant	
  in	
  the	
  strange	
  region	
  

Σ	
  baryon　→　λ-­‐mode	
  become	
  dominant	
  in	
  the	
  charm	
  region	
  
Ξ、Ω	
  baryon　→　ρ-­‐mode	
  become	
  dominant	
  in	
  the	
  charm	
  region	
  	
  

Single heavy	
 Double heavy	
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State	
 J^P	
 P	
  λ:P	
  ρ	

Λ(1520)	
 3/2-­‐	
 0.97:0.03	


Λ(1670)	
 1/2-­‐	
 0.065:0.935	


Λ(1690)	
 3/2-­‐	
 0.032:0.968	


Λ(1890)	
 3/2+	
 0.99:0.001	


Λ(1820)	
 5/2+	
 0.99:0.001	


Σ(1750)	
 3/2-­‐	
 0.11:0.89	


Σ(1670)	
 3/2-­‐	
 0.79:0.21	


p  	
  ストレンジ領域においてもλ,ρ	
  モード依存性が見られる.	
  
p  Λ粒子に対しては２つのモードは殆ど混ざらず、それが実験データ	
  
に反映しているように見える	
  
p チャーム領域での実験結果はまだほとんどない	
  

Decay pattern	

Our	
  predicVon	
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−

ΛC (2595)

図6	
  Λ(1/2-­‐)粒子の構成クォーク間の距
離	
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ヘビーバリオンはヘビークォークの
質量増大とともにコンパクトになって
いくもののライトクォーク間距離とラ
イトクォーク、ヘビークォーク間距離
にはあまり大きな違いは見られない	
  

r2 [fm]	
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1	
 1	
 1	
 0	
 1	
 3/2	


2	
 1	
 1	
 1	
 1	
 1/2	


3	
 1	
 1	
 1	
 1	
 3/2	


4	
 1	
 1	
 2	
 1	
 1/2	


5	
 1	
 1	
 2	
 1	
 3/2	


6	
 2	
 0	
 2	
 0	
 1/2	


7	
 0	
 2	
 2	
 0	
 1/2	
N	
 lρ	
 lλ	
 L	
 s_qq	
 S	


1	
 1	
 1	
 1	
 1	
 3/2	


2	
 1	
 1	
 2	
 1	
 1/2	


3	
 1	
 1	
 2	
 1	
 3/2	


4	
 2	
 0	
 2	
 0	
 1/2	


5	
 0	
 2	
 2	
 0	
 1/2	


Λ 1
2
+( )

Λ 3
2
+( )

Λ 5
2
+( )

lρ, sqq

lλ
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Angular	
  momentum	

N	
 lρ	
 lλ	
 L	
 s_qq	
 S	


1	
 0	
 0	
 0	
 1	
 1/2	


2	
 1	
 1	
 0	
 0	
 1/2	


3	
 1	
 1	
 1	
 0	
 1/2	


4	
 2	
 0	
 2	
 1	
 3/2	


5	
 0	
 2	
 2	
 1	
 3/2	


N	
 lρ	
 lλ	
 L	
 s_qq	
 S	


1	
 0	
 0	
 0	
 1	
 3/2	


2	
 1	
 1	
 1	
 0	
 1/2	


3	
 1	
 1	
 2	
 0	
 3/2	


4	
 2	
 0	
 2	
 1	
 1/2	


5	
 2	
 0	
 2	
 1	
 3/2	


6	
 0	
 2	
 2	
 1	
 1/2	


7	
 0	
 2	
 2	
 1	
 3/2	
N	
 lρ	
 lλ	
 L	
 s_qq	
 S	


1	
 1	
 1	
 2	
 0	
 1/2	


2	
 2	
 0	
 2	
 1	
 1/2	


3	
 2	
 0	
 2	
 1	
 3/2	


4	
 0	
 2	
 2	
 1	
 1/2	


5	
 0	
 2	
 2	
 1	
 3/2	


Σ 1
2
+( )

Σ 3
2
+( )

Σ 5
2
+( )

lρ, sqq

lλ
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Λ 1
2
− , 32

−( ) Λ 5
2
−( )

lρ, sqq

lλ

N	
 lρ	
 lλ	
 L	
 s_qq	
 S	


1	
 0	
 1	
 1	
 0	
 1/2	


2	
 1	
 0	
 1	
 1	
 1/2	


3	
 1	
 0	
 1	
 1	
 3/2	


N	
 lρ	
 lλ	
 L	
 s_qq	
 S	


1	
 1	
 0	
 1	
 1	
 3/2	


Σ 1
2
− , 32

−( ) Σ 5
2
−( )

N	
 lρ	
 lλ	
 L	
 s_qq	
 S	


1	
 1	
 0	
 1	
 0	
 1/2	


2	
 0	
 1	
 1	
 1	
 1/2	


3	
 0	
 1	
 1	
 1	
 3/2	


N	
 lρ	
 lλ	
 L	
 s_qq	
 S	


1	
 0	
 1	
 1	
 1	
 3/2	


Angular	
  momentum	
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lρ, sqq

lλ
c q1

q2

lρ, sqq

lλ
c

q1

q2

Exchange q_1 and q_2	

(−1)s+l+t ×

Because of Pauli principal	


(−1)s+l+t =1
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