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Similarities/differences	
  —	
  hyper	
  nuclear	
  physics

• Hyperon	
  behaves	
  differently	
  from	
  nucleons	
  
• It	
  goes	
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  deep	
  inside	
  to	
  see	
  shell	
  structure	
  and	
  shows	
  up	
  in	
  CSB
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Isotope-shift: Copley-Isgur-Karl, PRD20, 768 (1979)

A heavy quark distinguish the fundamental modes  
λ and ρ     Place to look at qq dynamics

mQ = mu,d mQ →∞

ρ

λ

ρ

λ

mQ ,mQ →∞
ρ
λ ρ

λ

ρ = λ

qq

5

Smooth change in mQ is useful
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Productions
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π + N    à D* + Λc 

Productions
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π + N    à D* + Λc 

i O f

Regge	
  (t-­‐channel)	
  model

A. B.	
  Kaidalov	
  and	
  P.	
  E.	
  Volkovitsky,	
  	
  
B. Z.	
  Phys.	
  C	
  63,	
  517	
  (1994)

How	
  much	
  	
  
is	
  charm	
  produced?

How	
  are	
  they	
  related	
  to	
  	
  
internal	
  structure	
  of	
  Λc*?

Kim, Kim, Noumi, Shirotori, Hosaka 
PTEP 2014 (2014) 10, 103D01, 
PRD92 (2015) 9, 094021

Productions

Quark	
  model
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pπ, Lab = 4.5 GeV

π −p→ΛK*0 π −p→ ΣK*0

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

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

π – + N → K*0 + Λ 
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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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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
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[Regge]
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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

– t GeV2

How	
  much	
  is	
  charm	
  produced?

Kim Hosaka Kim Noumi, arXiv:1509.03567
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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
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GS

Transitions to excited states are not suppressed!

Excited states
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Strange kπCM = 1.59 [GeV], kπLab = 5.8 [GeV]  

Feb.16	
  -­‐	
  Mar.21,	
  2015
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1 : 2

1/ 2+ 1/ 2− 3 / 2−

Ground state Excited states

Charm production spectrum

HQ doublet
J = jl + sH = jl ±1/ 2

2 : 3

3 / 2+

5 / 2+
l = 0 l = 1

l = 2
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s1/2

p1/2,	
  3/2

d1/2,	
  3/2

f1/2,	
  3/2

Coming	
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  to	
  this	
  again
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π+ + 89Y  
     → K+ + 89ΛY(JP)

d
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Decays —Pion emission—
On going, Nagahiro, Yasui, …

Λc(2595, 1/2–)
Λc(2625, 3/2–)

Σc(2455, 1/2+)

Λc(2286, 1/2+) u↑	
  d↓	
  	
  c

u↑	
  d↑	
  	
  c

u↑	
  d↓	
  	
  	
  	
  c
good	
  diquark	
  	
  
in	
  p-­‐wave

good	
  diquark

bad	
  diquark

π

π

Ground

Excited
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Decays —Pion emission—
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Decays —Pion emission—
On going, Nagahiro, Yasui, …
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!σ ⋅ !pi ,
!σ ⋅ !p f

qγ 5qφπ , qγ
µγ 5q∂µφπ

Λc
* Σc

!pi
!p f

Decays —Pion emission—

!σ ⋅ !q
π

On going, Nagahiro, Yasui, …

•  Place to look at the two independent operators
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Λ𝑐 2595; 1/2− + → Σ𝑐 2455 ++𝜋− :

8

Pa
rti

al
 d

ec
ay

 w
id

th
 Γ 𝑖

[M
eV

]
(~

tra
ns

iti
on

 c
ro

ss
 se

ct
io

n)

2

4

6

8

𝑠 [GeV]
2.6052.62.5952.592.5852.58

𝑀Λ(2595) < 𝑀Σ 2455 ++ + 𝑚𝜋−

0

Λ𝑐
Σ𝑐𝑔𝑠

++

𝜋−

Λ𝑐𝑔𝑠+

𝜋+
Finite 𝚪𝚺𝒄 = 𝟐. 𝟐𝟔 MeV

⟹ Γ𝜋−= 0 ?

𝑀Σ 2455 + +𝒎𝝅𝟎

Γ𝜋−

Γ𝜋0

(isospin sym. assumed [PDG])
Γ = 2.6 MeV × 24 % = 0.6 MeV

𝚪𝝅𝟎 > 𝚪𝝅−

Σ𝑐𝑔𝑠

𝜋 decay

Λ𝑐∗ 2625 3/2−

Λ𝑐∗ 2595 1/2−

~ 138 MeV

24

Isospin breaking right on the threshold

Λ𝑐 2595; 1/2− + → Σ𝑐 2455 ++𝜋− :
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Λ𝑐𝑔𝑠+
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Finite 𝚪𝚺𝒄 = 𝟐. 𝟐𝟔 MeV

⟹ Γ𝜋−= 0 ?

(isospin sym. assumed [PDG])
Γ = 2.6 MeV × 24 % = 0.6 MeV

Σ𝑐𝑔𝑠

𝜋 decay

Λ𝑐∗ 2625 3/2−

Λ𝑐∗ 2595 1/2−

~ 138 MeV

~ phase space

H. Nagahiro

Λc(2595, 1/2–)     → Σc(2455, 1/2+)
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Λc(2595, 1/2–)
Λc(2625, 3/2–)

Σc(2455, 1/2+)

Λc(2286, 1/2+) u↑	
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Γth(Λ∗
c(J

−)+ → Σgs
c (2455; 1/2+)++π−)

BiJP Γfull
exp q λ-mode ρ-mode

(MeV) (Γi) (MeV/c) doublet singlet doublet doublet
(MeV) 1/2− 3/2− 1/2− 1/2− 3/2− 3/2− 5/2−

Λc(2595) 1/2− 2.6 π− 0.45-0.73 0 1.94–2.99
(2592.25) (0.624) π0 1.86–3.00 8.01–12.3

total 2.76–4.45 11.9–18.34

Λc(2625) (3/2−) < 0.97 101 5.4 0.024 0 24.0 0.013 0.023 0.010
(2628.11) (0.0485) –10.7 –0.039 –45.1 –0.019 –0.034 –0.015

Λc(2765) ?? 50 263 20.4–46.7 2.6–3.9 0 107.8–224.0 1.4–1.9 2.5–3.4 1.1–1.5
(2766.6) (not seen)

Λc(2880) (5/2+) 5.8 374 25.7–68.1 12.4–17.2 0 161.5–368.4 6.6–8.4 11.9–15.2 5.3–6.8
(2881.63) (seen)

Λc(2940) ?? 17 426 24.7–72.0 21.6–28.4 0 173.5–417.5 11.4–14.0 20.6–25.1 9.2–11.2
(2939.3) (seen)

Table 1: Partial decay width of Λ∗
c(J−)+ → Σgs

c (2455; 1/2+)++π− with the parameter set-1. A factor 3
(for sum of the charged states) is needed to compare the total exp width, except Λc(2595) “total”.

BiJP Γfull
exp(Γi) q Γth(Σc(J+)++ → Λgs

c (1/2+; 2286)+π+)
(MeV) (MeV) (MeV) (MeV)

Σc(2455) 1/2+ 2.26 (2.26) 89 4.27–4.33
(2453.98) (2.26)

(ωπ = 0 limit)

Σc(2520) 3/2+ 14.9 (14.9) 176 30.0–31.2
(2517.9)

(ωπ = 0 limit)

Table 2: Decay width of Σc(J+)++ → Λgs
c (2286; 1/2−)+π+ with the parameter set-1. The final (charged)

state is only possible for these decays.

(GeV) (GeV3) (GeV) (fm) (fm)
m M k ωρ ωλ aρ aλ

√
⟨ρ2⟩

√
⟨λ2⟩

√
⟨r2⟩

new set 0.35± 0.05 1.5± 0.1 ∼ 0.02–0.04 - 0.3 – 0.4 - - - - 0.45 – 0.55

Table 3: parameters set-1

2

Ground (1/2, 3/2+) –> Ground (1/2+)

Preliminary results

ΛcΣc(1/2, 3/2)
!σ ⋅ !q

π
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Γth(Λ∗
c(J

−)+ → Σgs
c (2455; 1/2+)++π−)

BiJP Γfull
exp q λ-mode ρ-mode

(MeV) (Γi) (MeV/c) doublet singlet doublet doublet
(MeV) 1/2− 3/2− 1/2− 1/2− 3/2− 3/2− 5/2−

Λc(2595) 1/2− 2.6 π− 0.45-0.73 0 1.94–2.99
(2592.25) (0.624) π0 1.86–3.00 8.01–12.3

total 2.76–4.45 11.9–18.34

Λc(2625) (3/2−) < 0.97 101 5.4 0.024 0 24.0 0.013 0.023 0.010
(2628.11) (0.0485) –10.7 –0.039 –45.1 –0.019 –0.034 –0.015

Λc(2765) ?? 50 263 20.4–46.7 2.6–3.9 0 107.8–224.0 1.4–1.9 2.5–3.4 1.1–1.5
(2766.6) (not seen)

Λc(2880) (5/2+) 5.8 374 25.7–68.1 12.4–17.2 0 161.5–368.4 6.6–8.4 11.9–15.2 5.3–6.8
(2881.63) (seen)

Λc(2940) ?? 17 426 24.7–72.0 21.6–28.4 0 173.5–417.5 11.4–14.0 20.6–25.1 9.2–11.2
(2939.3) (seen)

Table 1: Partial decay width of Λ∗
c(J−)+ → Σgs

c (2455; 1/2+)++π− with the parameter set-1. A factor 3
(for sum of the charged states) is needed to compare the total exp width, except Λc(2595) “total”.

BiJP Γfull
exp(Γi) q Γth(Σc(J+)++ → Λgs

c (1/2+; 2286)+π+)
(MeV) (MeV) (MeV) (MeV)

Σc(2455) 1/2+ 2.26 (2.26) 89 4.27–4.33
(2453.98) (2.26)

(ωπ = 0 limit)

Σc(2520) 3/2+ 14.9 (14.9) 176 30.0–31.2
(2517.9)

(ωπ = 0 limit)

Table 2: Decay width of Σc(J+)++ → Λgs
c (2286; 1/2−)+π+ with the parameter set-1. The final (charged)

state is only possible for these decays.

(GeV) (GeV3) (GeV) (fm) (fm)
m M k ωρ ωλ aρ aλ

√
⟨ρ2⟩

√
⟨λ2⟩

√
⟨r2⟩

new set 0.35± 0.05 1.5± 0.1 ∼ 0.02–0.04 - 0.3 – 0.4 - - - - 0.45 – 0.55

Table 3: parameters set-1

2

Ground (1/2, 3/2+) –> Ground (1/2+)

gA
q = 1  →  gA

N = 5/3

Preliminary results

ΛcΣc(1/2, 3/2)
!σ ⋅ !q

π

N N
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Λc(2595, 1/2–)
Λc(2625, 3/2–)

Σc(2455, 1/2+)
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P-wave excitation  –> Ground (1/2+)

x 3 x 3

Γth(Λ∗
c(J

−)+ → Σgs
c (2455; 1/2+)++π−)

BiJP Γfull
exp q λ-mode ρ-mode

(MeV) (Γi) (MeV/c) doublet singlet doublet doublet
(MeV) 1/2− 3/2− 1/2− 1/2− 3/2− 3/2− 5/2−

Λc(2595) 1/2− 2.6 π− 0.15-0.29 0 0.65–1.20
(2592.25) (0.624) π0 1.23–2.36 5.29–9.69

total 1.38–2.66 5.94–10.89

Λc(2625) (3/2−) < 0.97 101 5.4 0.024 0 24.0 0.013 0.023 0.010
(2628.11) (0.0485) –10.7 –0.039 –45.1 –0.019 –0.034 –0.015

Λc(2765) ?? 50 263 20.4–46.7 2.6–3.9 0 107.8–224.0 1.4–1.9 2.5–3.4 1.1–1.5
(2766.6) (not seen)

Λc(2880) (5/2+) 5.8 374 25.7–68.1 12.4–17.2 0 161.5–368.4 6.6–8.4 11.9–15.2 5.3–6.8
(2881.63) (seen)

Λc(2940) ?? 17 426 24.7–72.0 21.6–28.4 0 173.5–417.5 11.4–14.0 20.6–25.1 9.2–11.2
(2939.3) (seen)

Table 1: Partial decay width of Λ∗
c(J−)+ → Σgs

c (2455; 1/2+)++π− with the parameter set-1. A factor 3
(for sum of the charged states) is needed to compare the total exp width, except Λc(2595) “total”.

BiJP Γfull
exp(Γi) q Γth(Σc(J+)++ → Λgs

c (1/2+; 2286)+π+)
(MeV) (MeV) (MeV) (MeV)

Σc(2455) 1/2+ 2.26 (2.26) 89 4.27–4.33
(2453.98) (2.26)

(ωπ = 0 limit)

Σc(2520) 3/2+ 14.9 (14.9) 176 30.0–31.2
(2517.9)

(ωπ = 0 limit)

Table 2: Decay width of Σc(J+)++ → Λgs
c (2286; 1/2−)+π+ with the parameter set-1. The final (charged)

state is only possible for these decays.

(GeV) (GeV3) (GeV) (fm) (fm)
m M k ωρ ωλ aρ aλ

√
⟨ρ2⟩

√
⟨λ2⟩

√
⟨r2⟩

new set 0.35± 0.05 1.5± 0.1 ∼ 0.02–0.04 - 0.3 – 0.4 - - - - 0.45 – 0.55

Table 3: parameters set-1

2

Preliminary results
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Summary

• Heavy quarks identify and disentangle different 
modes of baryons, ρ and λ modes 

• Productions are useful for structure study 
         A similar feature with hyper nuclei  
• Charm baryons could be abundantly produced 
• Decays are useful to further understand the structure 
   and fundamental nature of hadron physics = QCD


