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Particle	
  data	
  book	
  (PDG)

Baryons Mesons

• Most	
  baryons	
  are	
  light	
  flavored	
  qqq,	
  mesons	
  as	
  qq	
  
• Can	
  we	
  see	
  more	
  heavy	
  baryons,	
  exotics?	
  
• How	
  multiquarks	
  of	
  new	
  exotics	
  behave?

1.	
  Introduction
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50	
  GeV	
  proton	
  	
  —>	
  	
  30	
  GeV	
  pion	
  beam

Physics	
  of	
  charm	
  hadrons	
  

• 	
  Primarily	
  single	
  charm	
  baryons,	
  excited	
  states	
  
• 	
  Hidden	
  charm	
  baryons,	
  pentaquark	
  
• 	
  D,	
  D*	
  mesons	
  and	
  excited	
  states	
  
• 	
  Charmed	
  nuclei

Proposal	
  approved	
  and	
  physics	
  discussions	
  are	
  going

proton	
  
nucleus

π

J-­‐PARC



4

• 	
  What	
  we	
  can	
  learn	
  from	
  charmed	
  baryons	
  
	
  	
  	
  	
  	
  Qqq:	
  	
  the	
  simplest	
  system	
  with	
  qq	
  

• How	
  much	
  they	
  are	
  produced,	
  	
  
	
  	
  	
  	
  in	
  particular,	
  excited	
  states	
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Meson-like Diquarks
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•        creation and    
rearrangement of 
multiquarks

• Correlations
                 (diquarks)
• Are heavy quarks 
  useful to know it?
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Recent interests are triggered by Exotic hadrons

Baryons Mesons
qqq	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  qqqqq qq	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  qqqq
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7-­‐8	
  TeV	
  pp	
  collision	
  	
  —>	
  

LHCb	
  found	
  Pentaquarks	
  
http://arxiv.org/abs/1507.03414
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Figure 5: Invariant mass squared of K�
p versus J/ p for candidates within ±15 MeV of the ⇤0

b

mass.

describing the decay dynamics. Here ✓
A

and �
B

are the polar and azimuthal angles of B
in the rest frame of A (✓

A

is known as the “helicity angle” of A). The three arguments of
Wigner’s D-matrix are Euler angles describing the rotation of the initial coordinate system
with the z-axis along the helicity axis of A to the coordinate system with the z-axis along
the helicity axis of B [11]. We choose the convention in which the third Euler angle is
zero. In Eq. (1), dJA

�A,�B��C (✓A) is the Wigner small-d matrix. If A has a non-negligible
natural width, the invariant mass distribution of the B and C daughters is described by
the complex function R

A

(m
BC

) discussed below, otherwise R

A

(m
BC

) = 1.
Using Clebsch-Gordan coe�cients, we express the helicity couplings in terms of LS

couplings (B
L,S

), where L is the orbital angular momentum in the decay, and S is the
total spin of A plus B:

HA!BC

�B ,�C
=

X

L

X

S

q
2L+1
2JA+1BL,S

✓
J

B

J

C

S

�

B

��
C

�

B

� �

C

◆
⇥
✓

L S J

A

0 �

B

� �

C

�

B

� �

C

◆
,

(2)
where the expressions in parentheses are the standard Wigner 3j-symbols. For strong decays,
possible L values are constrained by the conservation of parity (P ): P

A

= P

B

P

C

(�1)L.
Denoting J/ as  , the matrix element for the ⇤0

b

! J/ ⇤

⇤ decay sequence is

M⇤

⇤

�⇤0
b
,�p,��µ ⌘

X

n

X

�⇤⇤

X

� 

H⇤

0
b!⇤

⇤
n 

�⇤⇤ ,� 
D

1
2
�⇤0

b
,�⇤⇤�� (0, ✓⇤0

b
, 0)⇤

H⇤

⇤
n!Kp

�p, 0
D

J⇤⇤
n

�⇤⇤ ,�p
(�

K

, ✓

⇤

⇤
, 0)⇤R

⇤

⇤
n
(m

Kp

)D 1
� ,��µ

(�
µ

, ✓

 

, 0)⇤, (3)

where the x-axis, in the coordinates describing the ⇤0
b

decay, is chosen to fix �
⇤

⇤ = 0. The

5

Λb J /ψ , p, K −
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• 	
  What	
  we	
  can	
  learn	
  from	
  charmed	
  baryons	
  
	
  	
  	
  	
  	
  Qqq:	
  	
  the	
  simplest	
  system	
  with	
  qq	
  

• How	
  much	
  they	
  are	
  produced,	
  	
  
	
  	
  	
  	
  in	
  particular,	
  excited	
  states	
  	
  	
  

2.  Structure
3.  Productions π + N —> D*+Λ*



April	
  20,	
  2015
9

2.  Structure: what do we expect to study?

λ

ρ

ρ > λ
λ

ρ

HO and no ss λ

ρ

  Degenerate                     λ and ρ                  Distinguished

Isotope-shift: Copley-Isgur-Karl, PRD20, 768 (1979)

A heavy quark distinguish the fundamental modes 
λ and ρ

Place to look at qq dynamics

Mixing of 

ρ = λ

mQ = mu,d mQ →∞



Spectrum and WF's as MQ is varied

10

Yoshida, Sadato, Hiyama, Oka, Hosaka

• Model Hamiltonian

• Solved by the Gaussian expansion method 

Roberts-Pervin, IJMPA, 23, 2817 (2008) 

H = p1
2

2mq
+ p2

2

2mq
+ p3

2

2MQ
− P2

2Mtot

+Vconf (HO)+Vspin−spin (Color −magnetic)+ ...
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Negative	
  parity	
  states	
  —	
  p-­‐wave	
  excitations	
  -­‐	
  1/2–,	
  3/2–

Λ(1 / 2− )
Λ(3 / 2− )
Σ(1 / 2− )
Σ(3 / 2− )M = ms

0.4

0.5

0.6

0.7

GeV
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Negative	
  parity	
  states	
  —	
  p-­‐wave	
  excitations	
  -­‐	
  1/2–,	
  3/2–

M = mc

Λ(1 / 2− )
Λ(3 / 2− )
Σ(1 / 2− )
Σ(3 / 2− )M = ms

0.4

0.5

0.6

0.7

GeV
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Negative	
  parity	
  states	
  —	
  p-­‐wave	
  excitations	
  -­‐	
  1/2–,	
  3/2–

M = m
M = ms

M = mc

10.5 52 M [GeV]

ρ mode

λ mode

Λ(1 / 2− )
Λ(3 / 2− )

Σ(1 / 2− )
Σ(3 / 2− )

Λ(5 / 2− )

Σ(5 / 2− )

HQ	
  doublet

HQ	
  singlet

0.3

0.4

0.5

0.6

0.7
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[a] ΛQ
[b]ΣQ

[c] ΞQQ

FIG. 8: Heavy quark mass dependence of excited energy of first state, second state and third state for 1/2−(solid line),
3/2−(dotted line), 5/2−(dashed line) of [a] ΛQ, [b] ΣQ, [c] ΞQQ. Chain lines denote SU(3) limit.

[a] ΛQ,ΣQ [c]ΞQQ,ΩQQ

FIG. 9: The prbability of λ mode (blue line) and ρ mode (red line) of 1
2

−
for ΣQ (dotted line), ΛQ (Solid line), ΞQQ (Solid line)

and ΩQQ (dotted line). Dashed lines denote SU(3) limit (black dashed line), strange sector(red dashed line), charm sector(blue
dashed line)

Wave	
  function

  MQ [GeV]  

Pr
ob

ab
ili

ty
 |c

|2
Mixing of

e.g.  λ-mode dominant state: How much the other mode mixes? 

Λc
* is almost 

pure λ mode
➔ 
Reflect more
qq nature

Λ solid
   Σ dashed

Λ(phys) = cλΛ(
2λ)+ cρΛ(

2ρ)

14SU(3) Heavy	
  quark



Intermediate	
  summary
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• Heavy quark spectroscopy will give more 
information on constituents

•  Isotope shift may resolve two diquark modes
                                       collective and internal 
•Λ baryons may have more chance to see the two 

modes separately
• HQ singlet, doublet are also useful
•  Systematic study from strange to heavy is useful



3.	
  Productions
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Cross sections (Yc/Ys) and Ratios (Yc
*/Yc)   

π + N à D* + Λc reactions  



Strategy:  
   Forward peak (high energy) à t-channel dominant

We look at:
(1) Absolute values  
 by (Λc/Λs) by the Regge model, K*, D* Vector-Reggeon
(2) Ratios of  Bc

*(λ modes)  / Bc  
  by a one step process of Qd picture for λ-mode

d

q(pi ) c(pf )
Pion-induced reaction
π + p à D* + Bc

*

π D*

Bc
*

D* Reggeon

17

Next	
  figure

p



pπ, Lab = 4.5 GeV

π −p→ΛK*0 π −p→ ΣK*0

cosθ cosθ

1

10

0.1
–1.0          0          +1.0 –1.0          0          +1.0

dσ
dΩ
[µb / sr ]

D.J. Krennel et al
PRD6, 1220 (1972)
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cosθ

10-6

10-4

10-2
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/d
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]
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FIG. 13. (Color online). Differential cross sections for the π−p → K∗0Λ reaction as functions of
cos θ at three different pion momenta (Plab), based on a Regge approach. The experimental data
denoted by the circles are taken from Ref. [25]. The notations are the same as Fig. 11.

different each other. The results from the Regge approach fall off faster than those from the
effective Lagrangian method, as −t′ increases. The results from the Regge approach are in
better agreeement with the experimental data in comparison with those from the effective
Lagrangian method.
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Plab = 6.0 GeV/c

FIG. 14. (Color online). Differential cross sections for the π−p → K∗0Λ reaction as functions of
−t′ at four different pion momenta (Plab), based on a Regge approach. The experimental data
denoted by the squares are taken from Ref. [26], while those by the stars from Ref. [27]. Those
designated by the circles are taken from Ref. [25]. The notations are the same as Fig. 11.
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Vector Reggeon dominance

•  Angular dependence prefers vector-Reggeon
•  Energy dependence seems
•  There is some discrepancy in the very forward region

the vicinity of threshold whereas its effect becomes much smaller as s increases. This can
be understood from the behavior of the u-channel Regge amplitude: TΣ ∼ s−0.79. Note that
this feature of Σ reggeon exchange is significantly different from that of Σ exchange in the
effective Lagrangian method, where the u-channel makes a negligibly small contribution (see
Fig. 3 for comparison).

1 2 4 8
s/sth

10-2

10-1

100

101

102

σ 
[µ

b]

KR
K*R
N
ΣR
total

[Regge]
π−p -> K*0Λ

FIG. 11. (Color online). Each contribution to the total cross sections for the π−p → K∗0Λ reaction
given as a function of s/sth, based on a Regge approach. The dotted and dashed curves show the
contributions of K reggeon exchange and K∗ reggeon exchange, respectively. The dot-dashed one
draws the effect of the nucleon in the s-channel, whereas the dot-dot-dashed one depicts that of Σ
reggeon exchange in the u channel. The solid curve represents the total result. The experimental
data are taken from Ref. [24] (triangles) and from Ref. [25] (circles).

We now discuss the results of the charm production. In the left panel of Fig. 12, we
draw each contribution to the total cross section of the π−p → D∗−Λ+

c reaction. D∗ reggeon
exchange dictates the s dependence of the total cross section. The effect of Σc reggeon
exchange is seen near threshold but is drastically reduced as s increases. In the right panel
of Fig. 12, we find that the total cross section of the charm production is approximately
104−106 times smaller than that of the strangeness production. As discussed already in the
case of the effective Lagrangian method, the reason for this smallness mainly comes from the
kinematical factor. Since the threshold energy sth for the charm production is much higher
than that for the strangeness production, the total cross section of the π−p → D∗−Λ+

c

reaction turns out to be much smaller than that of the π−p → K∗0Λ. When s/sth reaches
around 10, the total cross section for the D∗Λc production becomes approximately 103

times smaller than that of the K∗Λ production. The resulting production rate for D∗Λc at
s/sth ∼ 2 is suppressed by about factor 104 in comparison with the strangeness production.
This implies that the production cross section of D∗Λc is around 5 nb at that energy.

In fact, one of the present authors carried out a similar study [34], based on a Regge

15

Sang-Ho Kim, in preparation
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  meson	
  productions
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1 2 4 8
s/sth

10-8

10-6

10-4

10-2

100

σ 
[µ

b]

D*
Σc
total

π−p -> D*-Λc
+

[Regge]

1 2 4 8
s/sth

10-6

10-4

10-2

100

102

σ 
[µ

b]
π−p -> ( K*0Λ & D*-Λc

+ ) 
[Regge]

K*0Λ

D*-Λc
+

FIG. 12. (Color online). In the left panel, each contribution to the total cross sections for the
π−p → D∗−Λ+

c reaction is drawn as a function of s/sth, from a Regge approach. The dashed and
dot-dot-dashed curves show the contributions ofD∗ reggeon and Σc reggeon exchanges, respectively.
The solid curve represents the full result of the total cross section. In the right panel, the total cross
section for the π−p → D∗−Λ+

c reaction (solid curve) is compared with that for the π−p → K∗0Λ
one (dashed one). The experimental data for the π−p → K∗0Λ reaction are taken from Ref. [24]
(triangles) and from Ref. [25] (circles).

method of Ref. [35], where a phenomenological form factor was included in the Regge ex-
pression for the total cross section. As illustrated in Fig. 3 in Ref. [34], the total cross
section for the D∗Λc production was shown to be approximately 10−4 times smaller than
that for the K∗Λ production, which is of almost the same order, compared with the present
results. However, one has to keep in mind that the form factor introduced by Ref. [35] does
not correctly reproduce the asymptotic behavior of the total cross sections, when s becomes
very large.

Figure 13 depicts the results of the differential cross section dσ/dΩ for the π−p → K∗0Λ
reaction. As expected, the K∗ reggeon in the t-channel makes a dominant contribution to
the differential cross section in the forward region, whereas the Σ reggeon in the u-channel
enhances it at the backward angles. The effect of K reggeon exchange is important to de-
scribe the experimental data at the very forward angle. We already have found that the
results from the effective Lagrangian method deviate from the experimental data except for
the forward region. This is to the great extent due to the fact that the u-channl contribution
is underestimated in the effective Lagrangian method. However, the Regge approach cor-
rectly describes the experimental data at Plab = 4.5GeV/c over the whole angles. Moreover,
it elucidates the flatness of the differential cross section between cos θ = −0.5 and cos θ = 0,
which was never explained in the effective Lagrangian method.

In Fig. 14, we draw the results of the π−p → K∗0Λ differential cross section dσ/dt as
functions of −t′ at four different values of plab. The most dominant contribution comes from
K∗ reggeon exchange. K reggeon exchange plays a crucial role in explaining the data at the
very forward angle together with K∗ reggeon exchange. A similar feature can be also found
in the case of KΛ photoproduction [30]. The effects of nucleon exchange and Σ reggeon
exchange turn out to be tiny. Though the general tendency of the results from the Regge
approach looks apparently similar to that of the effective Lagrangian ones, they are in fact

16
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Relative rates of (Bc
*/Bc)  

  One step process for Qd λ-mode

d

q(pi ) c(pf )
λ

D*-exchanges 

D*π

Bc
*

D* ~ Transverse
=   (Geometric) × (Dynamic)
CG coefficients

Quark model estimate
N

t fi ~
!
kπ × !e ⋅

!
J fi

~ Bc
* !e⊥ ⋅

!σ ei
!qeff ⋅
!x N



Dynamical	
  part	
  ~	
  radial	
  integral

22

GS

Transitions to excited states are not suppressed

Excited states

d

q(pi ) c(pf )
qeff: the momentum transfer  ~  Large

Bc(S-wave)
!e⊥ ⋅
!σ ei
!qeff ⋅
!x N (S-wave) radial ~1× exp −

qeff
2

4A2
⎛

⎝
⎜

⎞

⎠
⎟

Bc(P-wave)
!e⊥ ⋅
!σ ei
!qeff ⋅
!x N (S-wave) radial ~

qeff
A

⎛
⎝⎜

⎞
⎠⎟

1

× exp −
qeff
2

4A2
⎛

⎝
⎜

⎞

⎠
⎟

Bc(D-wave)
!e⊥ ⋅
!σ ei
!qeff ⋅
!x N (S-wave) radial ~

qeff
A

⎛
⎝⎜

⎞
⎠⎟

2

× exp −
qeff
2

4A2
⎛

⎝
⎜

⎞

⎠
⎟
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Charm kπCM = 2.71 [GeV] , kπLab = 16 [GeV] 
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1 : 2 3 : 2

1/ 2+ 1/ 2− 3 / 2−

3 / 2+ 5 / 2+

Ground	
  state Excited	
  states

Expected	
  charm	
  production	
  spectrum

HQ	
  doublet
J = jl + sH = jl ±1/ 2



Summary
•	
  Charmed	
  baryons	
  
	
  	
  	
  New	
  platform	
  to	
  study	
  quark	
  dynamics	
  

•	
  J-­‐PARC	
  plans	
  to	
  study	
  them	
  

•	
  Production	
  rate:	
  Charm/Strangeness:	
  10–4	
  or	
  less	
  

•	
  Abundant	
  excited	
  states	
  

•	
  Decays	
  are	
  also	
  helpful	
  to	
  know	
  the	
  structure	
  
	
  	
  	
  We	
  are	
  currently	
  working	
  for	
  details
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4.	
  Decays

26

ρ-modeλ-mode

Bc
*

Mc

N π

Bc
*

Bc



Pion	
  emission	
  –	
  quark	
  model	
  -­‐-­‐on	
  going

27

Λc
*(2595, 1/2–)

Λc
*(2625, 3/2–)

Σc(2455, 1/2+)
Σc

*(2520, 3/2+)

π

~ 140 MeV

Things to be looked at:
•  Pion emission  ~  very near the threshold

Place to look at the two independent operators

Λc
* Σc

*

qγ 5qφπ , qγ
µγ 5q∂µφπ

!σ ⋅ !pi ,
!σ ⋅ !p f (

!σ ⋅ !q)
!pi

!p f

!q



Possible	
  selection	
  rules
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ρ-modes

J P ′J ′P +π (0− ,lπ )

Decays	
  of	
  baryons	
  =	
  of	
  diquarks

π



Possible	
  selection	
  rules

29

ρ-modes

Two conditions must be satisfied for baryons and for diquarks

jP

J P

′j ′P +π (0− ,lπ )

′J ′P +π (0− ,lπ )

Decays	
  of	
  baryons	
  =	
  of	
  diquarks
π

Λc(1 / 2
− ,ρ)→ Σc(1 / 2

+ ,GS)+π

d(3P0 )→ d(3S1)+π
is	
  not	
  allowed
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Radiative decay:  1/2– à 1/2+  E1 

 λ mode
Good diquark 0+

 lλ = 1

3P0 diquark 0–

 lρ = 1

  ρ mode

0– à 0+ is 
 forbidden

Good diquark 0+
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Radiative decay:  5/2– à 1/2+  M2, E3 

 λ mode
3S1 diquark 1+

 lλ = 1

3P2 diquark 2–

 lρ = 1

  ρ mode

2– à 0+ is 
 only M2

Good diquark 0+

Both M2 E3
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HAL QCD data are consistent with the quark Pauli effects. 
S=0 
   1      [33]             Allowed, ΛΛ+NΞ+ΣΣ → H 
   8s               [51]    Pauli forbidden, ΣN (I=1/2, S=0) 
  27     [33], [51]    55% Allowed, NN 1S0 
S=1 
   8a      [33], [51]  
  10     [33], [51]    Almost forbidden, ΣN (I=3/2, S=1) 
  10*     [33], [51]    NN 3S1  

!11

Baryon-Baryon interaction

T. Inoue et al., (HAL QCD) PTP 124, 591 (2010)

Aoki	
  Hatsuda	
  Ishii,	
  Phys.Rev.Lett.	
  99	
  (2007)	
  022001	
  

Classification	
  of	
  	
  
SU(6)	
  quark	
  model
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Baryon	
  spectrum	
  from	
  the	
  lattice,	
  	
  
David	
  Richard,	
  Talk	
  at	
  YITP,	
  HHIQCD,	
  Feb.	
  2015

Excited Baryon Spectrum - II
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Broad features of SU(6)xO(3) 
symmetry. 
Counting of states consistent 
with NR quark model. 
Inconsistent with quark-diquark 
picture or parity doubling.

[70,1-] [70,1-] 

[56,0+] 

[56,0+] 

N 1/2+ sector: need for complete basis to 
faithfully extract states

[70, 0+], [56, 2+], [70, 2+], [20, 1+]
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[56,0+] 

[56,0+] 
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[70, 0+], [56, 2+], [70, 2+], [20, 1+]



Fermi Lab

SLAC

LHC

BES

34

X	
  as	
  a	
  Hadronic	
  molecule



• Quark model seem to work 
• Multiquark configurations have been found 
  
• How are they behave, and what are  
   the essential degrees of freedom for hadrons?  

• Charmed baryons Qqq are useful to study 
• qq, yet another possible constituent 
    Difficult to study because of colorful and confined nature

What	
  motivate	
  us
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S=3/2

S=1/2

36

2. Charmed baryons

1/2+

1/2	
  –
1/2+

3/2+

	
  1/2–

1/2+

3/2+

3/2	
  –

5/2+

?

ΞC

[GeV]

?

1/2+

3/2+

ΩC

csq

cssΞC

Ξ’C

?

1 Ξ+
cc



1/2+

1/2	
  –
1/2+

3/2+

	
  1/2–

1/2+

3/2+

3/2	
  –

5/2+

?

ΞC

[GeV]

?

1/2+

3/2+

ΩC

csq

cssΞC

Ξ’C

?

1 Ξ+
cc
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More to come from J-PARC

S=3/2

S=1/2

2. Charmed baryons

From Qqq to qq dynamics
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Negative	
  parity	
  states	
  —	
  p-­‐wave	
  excitations	
  -­‐	
  1/2–,	
  3/2–

M = m M = mc

Λ(1 / 2− )
Λ(3 / 2− )
Σ(1 / 2− )
Σ(3 / 2− )M = ms

0.4

0.5

0.6

0.7

GeV


