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Grant-in-Aid for Scientific Research Priority Areas  
~ Since 2007, 5 years with a few million dollars/year

2007-2012:  Computational science for particle-nuclear-astro physics
2008-2013:  Elucidation of New Hadrons with a Variety of Flavors
                    Cosmological Inflation and Dark Matter
2009-2014:  Topological Quantum Phenomena
2010-2015:  Tera scale Physics @ LHC
2012-2017:  Astrophysics by Gravitational Waves
                    Nuclear Matter in Neutron Star
2013-2018:  Neutrino Science Frontier
2014-2019:  Underground Nuclear and Particle Physics 



Elucidation of new hadrons with variety of flavors (2009 - 2013)
About	  30	  regular	  members	  were	  involved	  (staffs,	  postdocs)



Research	  Center	  for	  Nuclear	  Physics	  
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The	  only	  Lab	  for	  collaboration	  of	  nuclear	  physics	  
made	  in	  a	  university
• The	  largest	  cyclotron	  
• Working	  with	  other	  facilities;	  	  SPring-‐8,	  J-‐PARC	  <—	  Noumi	  
• Super	  computer



* RCNP Cyclotron Facility

K=400	  MeV,	  Since	  1992　

Ring Cyclotron

AVF Cyclotron

K=140	  MeV,	  Since	  1973

Grand Raiden

精密核物理

MuSIC

Muon science

Ultra Cold 
Neutron source

基礎科学

RI Beam

原子核物理
Mono-energetic 
neutron

核データ

White neutron
半導体ソフトエラー

試験



Osaka University Undertaking by cooperation among RCNP and 
Graduate School of Medicine and Science

RCNP

AcceleratorNuclear 
physics

Graduate School of Medicine

Radio therapy PET&SPECT inspection

Graduate School of 
Science

Nuclear 
chemistry

RI separation and 
synthesis・Diagnostics

・Nuclear data

・Heavy-particle gantry
・Next generation BNCT
・High intensity compact 

accelerator
ＲＩ 

production

Medical and clinical 
applications of 
accelerator 
science, nuclear 
physics, radiation 
physics

Training of 
medical physicists 
by higher 
education using 
accelerators

Organic 
chemistry



LEPS AND LEPS2 @SPring-8

Super Photon ring -8 GeV
・ Third-generation synchrotron radiation facility 

・ Circumference: 1436 m 

・ 8 GeV, 100 mA 

・ 62 beamlines (Max)

120 km distance from RCNP



LEPS	  facility

b) Laser hutch

a) SPring-8 
     SR ring

c) Experimental hutch

Inverse Compton γ-ray  
of 3 GeV

Laser light of 3 eV

8 GeV electron 
Recoil electron

Tagging counter

Collision

Energy spectrum of  

BCS photons 

Bremsstrahlung

Backward-Compton scattering

36m 70m

SSD + Sc phodoscope 
      ScFi + Sc phodoscope

Beam intensity 
 < 2.5 x 106  for 1.5 GeV ~ 2.4 GeV  
                          (355 nm laser) 
 < 2.0 x 105  for 1.5 GeV ~ 2.9 GeV  
                          (266 nm laser)

Only	  forward	  spectrometer



Vector	  meson	  φ	  photoproduction

Curve : Pomeron + Pseudo  
            scalar exchange model
  (A. Titov et. al, PRC 67, 065205)

A peaking structure is seen in 
dσ/dt near Eγ=2 GeV, which 
has not been explained by a 
simple model calculation. 

A peak is dominated by 
natural parity exchange 
~ Pomeron like
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Search for penta-quark Θ+

T. Nakano et al.,  

PRL91, 012002(2003)

1st report for Θ+ from LEPS

Its	  existence	  is	  still	  controversial!



LEPS2 with a new laser beam  
and a detector (from BNL)

BNL-E949 
 magnet�



◆ Physics	  objectives	  
◆ Θ+	  study	  
◆ Λ(1405)	  with	  K*	  photo-‐production	  
◆ Modification	  of	  mesons	  in	  nucleus	  
◆ Missing	  resonance	  search	  
◆ K-‐NN	  search	  
◆ Hyperon-‐nucleon	  interaction

Physics	  with	  LEPS2

High priority}

◆ Unique	  features	  
	  	  	  	  	  -‐	  High	  intensity	  beam,	  Polarized	  beam	  (Linearly/Circularly)	  	  
	  	  	  	  	  	  	  (~107/s	  @Emax=2.4	  GeV,	  ~106/s	  @Emax=2.9	  GeV)	  
	  	  	  	  	  -‐	  Large	  acceptance	  for	  charged	  particles	  /	  photons	  
	  	  	  	  	  	  	  ・Reaction	  (missing	  mass)	  &	  Decay(invariant	  mass)	  

	  	  	  	  	  	  	  ・Kinematical	  constraint,	  Coplanarity	  

	  	  	  	  	  	  	  ・Angular	  distribution

More	  idea	  welcome	  !



Theory
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Hadrons	  and	  Nuclei



Supercomputer
•	  	  Cooperating	  SX-‐ACE	  (NEC)	  vector	  processor	  ~	  393	  TF	  
•	  	  Spend	  about	  20	  million	  yen	  (~	  0.2	  million	  dollar)/year	  
•	  	  ~	  100	  users	  (about	  10	  foreign	  uses),	  ~	  30	  active	  users	  
•	  	  Lattice	  QCD,	  Nuclear	  structure,	  Few-‐body,	  Supernova	  
•	  	  About	  10-‐20	  publications/year

Role	  in	  the	  community	  =	  HPCI
High	  Performance	  Computer	  Infra

17

with	  the	  Japan	  largest	  supercomputer,	  KEI



~	  billion	  dollars	  
Kei	  computer	  (京)	  at	  Kobe

18
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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	  



Nuclear Transmutation studies
Impulsing Paradigm Change through Disruptive Technologies Program
・Launched FY2014 and 12 programs approved. 
・will end at Dec. 31, 2018. 
・Keyword: high risk and high impact

Reduction and Resource Recycle of High Level Radioactive Wastes 
with Nuclear Transmutation (PM: Reiko Fujita)

Microscopic Effective Reaction Theory Kazuyuki	  Ogata



Extraction genuine data w/ MERT
Microscopic Effective Reaction Theory

・Model space is determined by analysis of alternative reaction data. 
・Structural information is given by Tsukuba group (or others). 
・MERT generates the objective reaction data. 

from neutron pickup 
to neutron capture

A(p,pn)B
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International	  Physics	  Course	  (IPC): 
theoretical physics and experiments at 

Osaka University

http://www.rcnp.osaka-u.ac.jp/~ipc/

http://www.rcnp.osaka-u.ac.jp/~IPC/


Program concept and design of the IPC

Offers	  Master	  and	  Ph.D.	  programs	  (not	  undergraduate	  programs)	  
Organized	  inside	  the	  Department	  of	  Physics	  but	  includes	  groups	  

at	  the	  Institute	  of	  Laser	  Engineering,	  the	  Research	  Center	  for	  

Nuclear	  Physics,	  and	  the	  Department	  of	  Earth	  Science	  and	  

Astronomy	  
Students can work from the start as active members of 
international collaborations in theory or experiment 
Students can work with our own large-scale facilities, including 
high-power lasers and high-energy accelerators 
Education and research program conducted in English

See   http://www.rcnp.osaka-u.ac.jp/~ipc/

http://www.rcnp.osaka-u.ac.jp/~IPC/


Lectures	  

Electrodynamics	  
Quantum	  Mechanics	  
Mathematics	  for	  Physics	  

Condensed	  Matter	  Theory	  	  
Fluid	  and	  Plasma	  Physics	  
Field	  Theory	  
Nuclear	  and	  Particle	  Physics	  
General	  Relativity	  
Optical	  Properties	  of	  Matter	  
Quantum	  Field	  Theory	  
Solid	  State	  Theory	  	  
Quantum	  Many-‐Body	  Systems	  
…

Education at the IPC

Advanced	  seminars	  on	  frontier	  topics	  
and	  special	  intensive	  lectures	  

1:	  broad	  knowledge	  and	  abilities 2:	  deep	  knowledge	  and	  abilities	  in	  one	  subject

See   http://www.rcnp.osaka-u.ac.jp/~ipc/

http://www.rcnp.osaka-u.ac.jp/~IPC/


Contents
1.  Introduction
2.  Structure: How ρλ modes appear in the spectrum
3.  Productions
4.  Decays

Baryons with heavy quark(s) may disentangle 
light quark dynamics

λ

ρWith Noumi, Shirotori, Kim, Sadato, 
Yoshida, Oka, Hiyama, Nagahiro, Yasui

25

Atsushi	  Hosaka,	  	  	  RCNP,	  Osaka

Heavy	  Baryons:	  Structure,	  
Productions	  and	  Decays



1.  Introduction
Quark model and EXOTICS: Now 51 years old

But no colors ~ glues26



Fermi Lab

SLAC

LHC

BES

27



Quarks bonding differently at LHCb

April	  20,	  2015
28

http://www.theguardian.com/science/life-‐and-‐physics/2014/apr/13/quarks-‐bonding-‐differently-‐at-‐lhcb

So until last week there were 
two known types of hadron.   
......
LHCb has just confirmed what 
data from other experiments 
had already led us to suspect. 
There is a third way.

Phys.	  Rev.	  Lett.	  112,	  222002

Z+(4430)



Z(3900)

Z(4430)
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X(3872)

Near	  and	  above the threshold 

? ?

2.8

3.0

3.2

3.4

3.6

3.8

4.2

Meson-like Diquarks
qq qqqq qq

•        creation and    
rearrangement of 
multiquarks

• Correlations
                 (diquarks)
• Are heavy quarks 
  useful to know it?

qq

qq qq



S=3/2

S=1/2

30

2. Charmed baryons
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More to come from J-PARC
2. Charmed baryons

S=3/2

S=1/2



April	  20,	  2015
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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 may distinguish 
the fundamental modes λ and ρ 
➔  place to look at diquark correlations 

Mixing of 

ρ = λ

mQ = mu,d mQ →∞



Spectrum and WF's as MQ is varied

33

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–

M = m M = mc

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

36SU(3) Heavy	  quark



Intermediate	  summary

37

• 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
•  Systematic study from strange to heavy is useful



3.	  Productions

38

Production rate (Λc/Λ) and Ratios (Bc
*/Bc)   

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, D* 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

39

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)

40



ASRC	  Seminar

Absolute values

41

Regge model (Sang-Ho Kim, in preparation) 

We have examined:
• K*(strange) productions
• K* (D*) Reggeon dominance
• Angular dependence
• Small u-channels 
      ~  Baryon Regge
• Normalizations
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Vector Reggeon dominance

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

-1 -0.5 0 0.5 1
cosθ

10-6

10-4

10-2

100

102

dσ
/d
Ω

 [µ
b/

sr
]

KR
K*R
N
ΣR
total

Plab = 3.0 GeV/c

-1 -0.5 0 0.5 1
cosθ

Plab = 4.5 GeV/c

-1 -0.5 0 0.5 1
cosθ

10-6

10-4

10-2

100

102

dσ
/d
Ω

 [µ
b/

sr
]Plab = 6.0 GeV/c

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.

0 1 2 3
10-4

10-2

100

102

dσ
/d

t [
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/G
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2 ]

KR
K*R
N
ΣR
total

Plab = 3.93 GeV/c

0 1 2 3
10-4

10-2

100

102

dσ
/d

t [
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/G
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2 ]

Plab = 3.95 GeV/c

0 1 2 3
-t  [GeV2] `

10-4

10-2

100
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Plab = 4.5 GeV/c

0 1 2 3
-t  [GeV2] `

10-4
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100

102

dσ
/d

t [
µb

/G
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2 ]

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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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



D*	  meson	  productions

43

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
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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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1.00	  	  	  	  	  	  	  	  0.02	  	  	  	  	  	  	  	  0.16	  	  	  	  

0.90	  	  	  	  	  	  	  	  1.70	  	  	  	  	  	  	  	  0.02	  	  	  	  	  	  	  	  0.03	  	  	  	  	  	  	  0.04	  	  	  	  	  	  	  0.19	  	  	  	  	  	  	  0.18	  	  	  	  

0.50	  	  	  	  	  	  	  	  0.88	  	  	  	  	  	  	  	  0.02	  	  	  	  	  	  	  	  0.02	  	  	  	  	  	  	  0.01	  	  	  	  	  	  	  	  0.03	  	  	  	  	  	  0.07	  	  	  	  	  	  0.07

Charm kπCM = 2.71 [GeV] , kπLab = 16 [GeV] 

1.00	  	  	  	  	  	  	  	  0.067	  	  	  	  	  	  	  	  0.44	  	  	  	  	  	  	  	  	  

0.11	  	  	  	  	  	  	  	  	  0.23	  	  	  	  	  	  	  0.007	  	  	  	  	  0.01	  	  	  	  	  	  	  0.01	  	  	  	  	  	  0.07	  	  	  	  	  	  0.067	  	  	  	  	  	  
	  	  	  	  
	  0.13	  	  	  	  	  	  	  	  0.20	  	  	  	  	  	  	  0.007	  	  	  	  	  0.01	  	  	  	  	  	  0.004	  	  	  	  	  0.02	  	  	  	  	  	  0.038	  	  	  	  0.04
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1 : 2 3 : 2

1/ 2+ 1/ 2− 3 / 2−

3 / 2+ 5 / 2+

HQ	  doublet

Ground	  state Excited	  states

Expected	  charm	  production	  spectrum



4.	  Decays

48

ρ-modeλ-mode

Bc
*

Mc

N π

Bc
*

Bc



Pion	  emission	  –	  quark	  model	  -‐-‐on	  going
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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
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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



Summary
•	  Charmed	  baryons:	  there	  are	  many	  open	  issues	  

•	  J-‐PARC	  plans	  to	  study	  them	  

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

•	  Abundant	  production	  of	  excited	  states	  

•	  Decay	  selection	  rules	  are	  helpful

54
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Energy	  dependence	  of	  the	  NN	  interaction

tστ
c

400	  MeV



Review

Kei	  at	  Kobe Terracotta	  Army

China,	  Qin	  Dynasty,	  ~	  BC.300

~	  1000	  million	  dollars	   ~	  10000	  figures

Famous	  screening	  for	  government	  driven	  projects	  

12/12/14-‐15
56

Kei	  computer	  (京)	  at	  Kobe

Why	  No.	  1!!	  	  
not	  No.	  2!?

Machine Users	  office

Users

HPCI	  	  
consortium



H = p1
2

2m
+ p2

2

2m
+ p3

2

2M
+ k
2
(x1 − x2 )

2 + (x2 − x3)
2 + (x3 − x1)

2( )
=
pρ
2

2mρ
+ pλ

2

2mλ
+
kρρ

2

2
+ kλλ

2

2

Harmonic	  oscillator

x1x2

x3

mρ = m
2
, mλ = 2mM

M + 2m

kρ = 3
2
k, kλ = 2k ωρ = 3ω > ωλ = M + 2m

M
ω
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IUCF

RCNP

World best resolution

58Ni(p,n)



Beamline	  map	  of	  SPring-‐8

LEPS2

LEPS


