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  baryons

λ
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Causes	
  isotope-­‐shift	
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  modes	
  

Three	
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  particles	
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  Baryons	
  with	
  ρ	
  and	
  λ	
  modes
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  Multiquarks
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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:
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(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
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where the x-axis, in the coordinates describing the ⇤0
b

decay, is chosen to fix �
⇤

⇤ = 0. The
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Λb J /ψ , p, K −
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•        creation and    
rearrangement of 
multiquarks

• Correlations
            hadrons
            diquarks
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qq
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Z(4430)

X(3872)

Near	
  and	
  above the threshold 
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2.  Structure: what do we expect to study?
A heavy quark distinguish the fundamental modes 

λ and ρ
Place to look at qq dynamics
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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 →∞
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Negative	
  parity	
  states	
  —	
  p-­‐wave	
  excitations	
  -­‐	
  1/2–,	
  3/2–

12

Quark	
  model	
  3-­‐body	
  calculation	
  by	
  Yoshida	
  &	
  Sadato



2015	
  Sept	
  7-­‐11 HYP2015

Excitation	
  energies	
  —	
  p-­‐wave	
  states	
  ––

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
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0.5

0.6
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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)
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3.	
  Productions

15

Cross sections (Yc/Ys) and Ratios (Yc
*/Yc)   

π + N    à D* + Λc 

Production	
  rates	
  reflect	
  structure

i O f
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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

p
Quark	
  model	
  WF
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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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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

•  Vector-Reggeon dominance with some pseudoscalar
•  Energy dependence is also well produced

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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in the case of KΛ photoproduction [30]. The effect of Σ reggeon exchange turns out to be
tiny. Though the general feature of the results from the Regge approach looks apparently
similar to that of the effective Lagrangian ones, they are in fact 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.

D. Results for D∗−Λ+
c production

We now discuss the results of the charm production. In the left panel of Fig. 14, we draw
the total cross section together with each contribution for the π−p → D∗−Λ+

c reaction. D∗

reggeon exchange dictates the s dependence of the total cross section. The contributions
of K reggeon and Σc reggeon exchanges are suppressed than that of K∗ reggeon exchange.
In the right panel of Fig. 14, we compare the D∗Λc production with the K∗Λ one. It is
found that the total cross section for the charm production is approximately 104−106 times
smaller than that for the strangeness production depending on the energy range of s/sth.
The resulting production rate for D∗Λc at s/sth ∼ 2, which is the expected maximum energy
J-PARC Collaborations can produce, is suppressed by about factor 104 in comparison with
the strangeness production. This implies that the production cross section of D∗Λc is around
2 nb at that energy.
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FIG. 14. (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 dotted and
dashed curves show t-channel contributions, i.e. those of D reggeon exchange and D∗ reggeon
exchange, respectively. The dot-dot-dashed curve depicts the contribution of Σc reggeon exchange.
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).

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

16

D*	
  meson	
  productions
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1 : 2 3 : 2

1/ 2+ 1/ 2− 3 / 2−

3 / 2+ 5 / 2+

Ground	
  state Excited	
  states

Charm	
  production	
  spectrum

HQ	
  doublet
J = jl + sH = jl ±1/ 2
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4.	
  Decays

20

ρ-modeλ-mode

Bc
*

Mc

N π

Bc
*

Bc
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Λc
*(2595, 1/2–)

Λc
*(2625, 3/2–)

Σc(2455, 1/2+)
~ 140 MeV

•  Unique feature  ~  very near the threshold

•  Place to look at the two independent operators
!σ ⋅ !pi ,

!σ ⋅ !p f
qγ 5qφπ , qγ

µγ 5q∂µφπΛc
* Σc

!pi
!p f

4.	
  Decays	
  —Pion	
  emission—

!σ ⋅ !q
π

Λc(2286, 1/2+)

p	
  =	
  102MeV;	
  allowed

p	
  ~	
  0;	
  marginally	
  allowed

p	
  =	
  94MeV;	
  allowed

On	
  going,	
  Nagahiro	
  and	
  Yasui



2015	
  Sept	
  7-­‐11 HYP2015 22

Actual	
  computations

Λc
* (P-wave excitations, JP)  

             Σc(2455, 1/2+) + π 

Quark	
  model	
  (H.O.)	
  wave	
  functions

π

m = 0.4 GeV, M = 1.5 GeV

k = 0.03GeV3
⎫
⎬
⎭⎪
→ R2

1/2
= 0.5 fm

gA
(q) = 1, fπ = 93MeV ← Lπqq =

gA
(q)

fπ
qγ µγ 5q∂µφπ

λ ρ
Sd	
  =	
  0,	
  1
lλ ,ρ = 1

SQ	
  =	
  1/2

JTotal	
  	
  
=	
  1/2,	
  3/2,	
  5/2}} JLight	
  =	
  0,1,2

HQ	
  doublet

} }

HQ	
  singlet
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Initial 
baryons 
Λc*

Γexp(full) 

[MeV] 
p  

[MeV]

Γcalc(Λc* —> Σc(2455) π) [MeV] 
(λ-mode, lλ=1 ρ-mode, lρ=1 

Doublet 
d(1S0) [lλ, c]1/2, 3/2

Singlet 
[d(3P0)]1/2 

c]1/2

Doublet 
[d(3P1) c]1/2, 3/2

Doublet 
[d(3P2) c]3/2, 5/2

1/2– 3/2– 1/2– 1/2– 3/2– 3/2– 5/2–

Λc(2595) 
2592.25 2.6 1.7* * * * * * *

Λc(2625) 
2628.11

<	
  0.97	
  
(102)

18 0.1 0** 81 0.04 0.08 0.03

Λc(2765) 
Σc?,  2766.6

50	
  
(262	
  )

76 8 0** 390 4.5 7.8 3.6

Λc(2880) 
2881.63

5.8	
  
(376)

107 37 0** 624 21 37.5 17

Λc(2940) 
2939.3

17	
  
(427)

110 66 0** 700 38 64 29

* 	
  Almost	
  threshold	
  –	
  carefully	
  studied,	
  	
  	
  **	
  Forbidden	
  (selection	
  rule)	
  
•	
  1/2–:	
  s-­‐wave	
  πΣ	
  decay	
  
•	
  3/2–,	
  5/2+:	
  d,	
  f-­‐wave	
  πΣ	
  decay	
  	
  ––>	
  	
  suppressed	
  by	
  power	
  (q/a)4,	
  6	
  
•	
  Λc(2880)	
  and	
  Λc(2940)	
  could	
  be	
  higher	
  spin	
  states?	
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Possible	
  selection	
  rules

24

ρ-modes

J P ′J ′P +π (0− ,lπ )

π
Decays	
  of	
  baryons
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Possible	
  selection	
  rules

25

Two conditions must be satisfied for baryons and for diquarks

jP ′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

ρ-modes

J P ′J ′P +π (0− ,lπ )
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Summary

• 	
  Heavy	
  quarks	
  identify	
  and	
  disentangle	
  	
  essential	
  
modes	
  of	
  hadrons,	
  ρ	
  and	
  λ	
  modes.	
  

• Productions	
  are	
  useful	
  to	
  	
  
• 	
  Charm	
  baryons	
  are	
  abundantly	
  produced	
  
• 	
  Decays	
  are	
  useful	
  to	
  further	
  understand	
  the	
  structure
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H = p1
2

2mq
+ p2

2

2mq
+ p3

2

2MQ
− P2

2Mtot

+Vconf (HO)+Vspin−spin (Color −magnetic)+ ...

• Model Hamiltonian�

• Solved by the Gaussian expansion method �


