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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
High Performance Computer Infra
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with the Japan largest supercomputer, KEI
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 1. Introduction  
— Why charmed baryons —

• There are only a few number of heavy baryons known 
• Simplest system of a heavy and light quarks 
• Helpful to understand exotic hadrons 

Next page

Physics now
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 1. Introduction  
— Why charmed baryons —

• There are only a few number of heavy baryons known 
• Simplest system of a heavy and light quarks 
• Helpful to understand exotic hadrons 

Next page 
• As a unique feature, separation of two orbital motions 
    λ and ρ motions

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

Heavy quarks distinguish the internal modes  
λ and ρ

mQ = mu,d

ρ

λ

ρ = λ

17

N, Δ, …
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These structures should be sensitive to reactions 

Ξ, Ξ*, … Λc, Σc, …N, Δ, …
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2.  Decays —Pion emission—

Two-body decays 
and  

Three-body decays

On going, Nagahiro, Yasui, …, Arifi

Λ*
c

Λc

π π

} }two-body
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Σc  Σ*
c

Nagahiro et al, arXiv:1609.01085 
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Decays of charmed baryons through pion emission in the quark model

Hideko Nagahiro,1, 2 Shigehiro Yasui,3 Atsushi Hosaka,2, 4 Makoto Oka,3, 5 and Hiroyuki Noumi2

1Department of Physics, Nara Women’s University, Nara 630-8506, Japan
2Research Center for Nuclear Physics (RCNP), Osaka University, Ibaraki, Osaka 567-0047, Japan

3Department of Physics, Tokyo Institute of Technology, Meguro 152-8551, Japan
4J-PARC Branch, KEK Theory Center, KEK, Tokai, Ibaraki 319-1106, Japan

5Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki, 319-1195, Japan
(Dated: May 12, 2016)

We investigate the decays of the charmed baryons aiming at the systematic understanding of
hadron structures. We evaluate the decay widths from the one pion emission in the non-relativistic
quark model for the excited states, Λ∗

c(2595), Λ
∗
c(2625), Λ

∗
c(2765), Λ

∗
c(2880) and Λ∗

c(2940), as well
as for the ground states Σc(2455) and Σ∗

c(2520). The calculated decay widths are in good agreement
with the experimental data, and several important predictions for higher excited Λ∗

c baryons are
given. In these discussions, we find that the axial-vector type coupling of the pion to the light quarks
is essential to reproduce the decay widths especially of the low lying Λ∗

c baryons. We emphasize the
important role of the branching ratios of Γ(Σ∗

cπ)/Γ(Σcπ) for the study of the structure of higher
excited Λ∗

c baryons.

I. INTRODUCTION

The charmed baryons, containing a single heavy charm
quark, have received much attention as a good place to
study the hadron structure. In the limit where the mass
of the heavy quark is taken infinity, new symmetry arises,
that is the so-called heavy quark symmetry [1]. In that
limit the dynamics of the light quark components is ex-
pected to be independent from the spin and flavor of the
heavy quark.

Although the quark model has been used for many
years for the standard description of hadrons, its deriva-
tion from QCD is not yet achieved. The bare quarks of
QCD do not show up in the observed hadron spectrum in
a simple manner. Rather we expect that effective degrees
of freedom are playing essential roles. They should not
only be useful but also have some predictive power for
certain sets of phenomena. Thus their relevance should
be tested by experiments especially when they are not de-
rived from the fundamental theory. In this respect, what
we are aiming at is to establish the economized effective
theory for the strong interaction physics in a phenomeno-
logical manner [2, 3]. After all this is the case for any
physics problems, and has been an issue of consideration
from time to time.

Turning to baryons, if they are regarded as three (con-
stituent) quark systems there are two degrees of freedom
for the internal excitations. One is the relative motion
between two light quarks, so-called ρ-mode, and the other
is the one between the third quark (the charm quark in
the present case) and the center-of-mass of the two light
quarks, so-called λ-mode. Owing to the mass difference
of the heavy and light quarks, the excitation energies
in the λ- and ρ-motions are well separated, and then
the resulting states are dominated by either one of the
two modes with only small mixing [4]. Therefore we ex-
pect that heavy baryons have simpler structure than light
baryons, providing a better oppotunity for the study of
the underlying structure and dynamics.

In general, properties of internal structure are reflected
not only in mass spectrum but also in various transitions
such as productions and decays. Among them two-body
decays through the one-pion emission are particularly
useful due to the following reasons: (1) The pion couples
dominantly with the light quarks. Therefore, their transi-
tions bring information of the two light quarks in a heavy
baryon. This is also related to diquark properties in a
baryon. (2) Some low-lying states of charmed baryons
have significantly smaller excitation energies than light
baryon excitations. Thus the emitted pion carries only a
small momentum and their interaction is well determined
by the low energy chiral dynamics. This provides a good
laboratory to test the low energy pion dynamics.

FIG. 1. (color online) Level structure of the charmed baryons
with I = 0 and I = 1 Yc(mass)JP . The hatched squares de-
note their total decay width in PDG [5]. The arrows indicate
the possible decays with one-pion emission evaluated in this
article.

Heavy baryons can decay also by emitting a heavy
meson if its excitation energy is sufficiently high. This,
however, is a subject of the future study, and in this pa-
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Orbital excitation  
is suppressed 
as compared to spin one

π

2.  Decays —Pion emission—

Two-body decays

(1)

(2)

(3)

(1) 0hω → 0hω 
(2) 1hω → 0hω 
(3) 2hω → 0hω
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Λc(2595) 1/2–

Λc(2625) 3/2–

Σc(2455) 1/2+

Λc(2286) 1/2+

Low lying decays, 0hω → 0hω, 1hω → 0hω 
with small pπ (MeV)

100 MeV
~ 0 MeV

~ 90 MeV

Σc(2520) 1/2+ : Closed

Low energy pion dynamics works well

~ 180 MeV

To compare with Δ → πN at pπ ~ 230 MeV
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!σ ⋅ !pi ,
!σ ⋅ !p f

qγ 5qφπ , qγ
µγ 5q∂µφπ

Low energy πqq interaction

Λc
* Σc

!pi
!p f

π

Non-relativistic  
Relativistic

PS              PV: preferable

5

form for the HQS singlet is given by

Λ∗
c(J

−; ρ-mode) =
[
[ψ0s(λ⃗)ψ0p(ρ⃗), d

1]j ,χc

]J=j±1/2
D0c .

(21)

The minimal configuration for JP = 1/2+ state for Λc

baryons is an orbital excitation for the nodal quantum
number nλ = 1 or nρ = 1 as with spin-0 diquark given
by

Λ∗
c(1/2

+;nλ=1) =
[
[ψ1s(λ⃗)ψ0s(ρ⃗), d

0]0,χc

]1/2
. (22)

Λ∗
c(1/2

+;nρ=1) =
[
[ψ0s(λ⃗)ψ1s(ρ⃗), d

0]0,χc

]1/2
, (23)

both of which are the HQS singlets.
The higher excited states of JP with P = + can be

constructed by the d-wave excitation as the total angular
momentum. In this case, we have three possibilities as
(ℓλ, ℓρ) = (2, 0), (1, 1) and (0, 2). In the (2, 0) and (0, 2)
cases, the diquark spin should be 0, and the total baryon
spin can be J = 3/2, 5/2 as,

Λ∗
c(J

+; ℓλ=2) =
[
[ψ0d(λ⃗)ψ0s(ρ⃗), d

0]2,χc

]J=2±1/2
D0c ,

(24)

Λ∗
c(J

+; ℓρ=2) =
[
[ψ0s(λ⃗)ψ0d(ρ⃗), d

0]2,χc

]J=2±1/2
D0c ,

(25)

In the case with (ℓλ, ℓρ) = (1, 1), the diquark spin should
be 1 as

Λ∗
c(J

+; ℓλ = 1, ℓρ = 1) =
[
[ψ0p(λ⃗)ψ0p(ρ⃗), d

1]j ,χc

]J
D0c .

(26)

The total angular momentum ℓ (ℓ⃗ = ℓ⃗λ + ℓ⃗ρ) can be 0, 1
and 2, and the resulting brown muck spin can be j = (1),
(0, 1, 2), and (1, 2, 3) giving 13 states. The heavy baryons
are the HQS singlet only for j = 0 and the HQS doublet
for the others.

We leave a comment on the difference between the
wave function used in Ref. [31] and ours. In Ref. [31],
the bases of the quark wave function are given by 2s+1ℓJ ,
namely

[[
ℓλℓρ]

ℓ[[s1s2]s3
]s]J

, (27)

while ours are given by

[[
[ℓλℓρ]

ℓ[s1s2]
s12
]j

s3
]J

. (28)

They are different in general except for the highest weight
state of ℓ and s. In the latter, the subcomponent[
[ℓλℓρ]ℓ[s1s2]s12

]j
, which is assigned as the brown muck

spin j, decouples from the heavy quark spin s3 in the
heavy quark limit. Hence the latter basis is compatible
with the heavy quark symmetry.

III. FORMULATION

A. Basic interaction of the pion

In the constituent quark model, the pion can couple to
a single quark through the Yukawa interaction, which is
considered to contribute dominantly to one-pion emission
decays (Fig. 3). In the relativistic description, there are
two independent couplings of pseudo-scalar and axial-
vector types,

q̄γ5τ⃗q ·π⃗, q̄γµγ5τ⃗q ·∂µπ⃗ . (29)

In the non-relativistic model, they correspond to the fol-
lowing two terms,

σ⃗ ·(p⃗i + p⃗f ) = σ⃗ ·q⃗, σ⃗ ·(p⃗i − p⃗f ) , (30)

where p⃗i (p⃗f ) is the momentum of the initial (final)
quarks and q⃗ is the pion momentum. We keep in mind
that these two couplings in Eq. (29) are equivalent for
the on-shell particles in the initial and final states, but
not for the off-shell particles confined within a finite size.
The present case is the latter, because the quarks are con-
fined in the harmonic oscillator potential. In this work,
we employ the axial-vector type coupling,

Lπqq(x) =
gqA
2fπ

q̄(x)γµγ5τ⃗q(x)·∂µπ⃗(x), (31)

in accordance with the low-energy chiral dynamics. The
non-relativistic limit in Eq. (31) leads to the combina-
tion of the two terms in Eq. (29). In Eq. (31), gqA is the
axial coupling of the light quarks, for which we use the
value gqA = 1 [39, 40]. As we will see later, importantly,
the axial-vector coupling can explain surprisingly well the
decay of Λ∗

c(2595) through the time-derivative piece in
Eq. (31). Contrary, the pseudoscalar coupling cannot
reproduce it because it is proportional to the pion mo-
mentum q which almost vanishes. This strongly supports
the chiral dynamics of the pion working with constituent
light quarks.

B. Matrix elements with the quark model wave
functions

In this section, we formulate the one-pion emission de-
cay of a charmed baryon within the quark model. The
relevant diagram is shown in Fig. 3, where one pion is
emitted from a single light quark. We write state vec-
tor for the Yc baryon (Yc = Λc or Σc) with mass MYc ,
spin J and momentum P in the baryon rest frame in the
momentum representation as,

|Yc(P, J)⟩ =
√

2MYc

∑

{s,ℓ}

∫
d3pρ
(2π)3

∫
d3pλ
(2π)3

1√
2m

1√
2m

1√
2M

ψℓρ(p⃗ρ)ψℓλ(p⃗λ)

|q1(p1, s1)⟩|q2(p2, s2)⟩|q3(p3, s3)⟩. (32)

gq
A ~ 1: Quark axial coupling
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(1) Ground to ground transitions, 0hω → 0hω

Λc(2595) 1/2–

Λc(2625) 3/2–

Σc(2455) 1/2+

Λc(2286) 1/2+

~ 90 MeV

Σc(2520) 1/2+ : Closed

~ 180 MeV

l = 0

l = 0

spin-isospin flip



Seminar at Genova, Italy,  October 5 (Wed), 2016 26

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  <  1.25exp

Factor 2 difference, which is due to …

Nagahiro et al, arXiv:1609.01085 
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Λc(2595) 1/2–

Λc(2625) 3/2–

Σc(2455) 1/2+

Λc(2286) 1/2+

100 MeV
~ 0 MeV

Σc(2520) 1/2+ : Closed
l = 0

l = 1

Closed

(2) P-wave to ground transitions, 1hω → 0hω
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10

Λ∗
c(2595)

+ decay width (MΛ∗ = 2592.25 (MeV))

decay channel full [Σcπ]
+ Σ++

c π− Σ0
cπ

+ Σ+
c π

0

Experimental value Γ (MeV) [5] 2.6± 0.6 - 0.624 (24%) 0.624 (24%) -

momentum of final particle q (MeV/c) - - † † 29

this work (nλ, ℓλ), (nρ, ℓρ) JΛ(j)
P

Γ (0, 1), (0, 0) 1/2(1)− 1.5–2.9 0.13–0.25 0.15–0.28 1.2–2.4

(MeV) (0, 0), (0, 1) 1/2(0)− 0 0 0 0

1/2(1)− 6.5–11.9 0.57–1.04 0.63–1.15 5.3–9.7

MΣc (MeV) 2453.97 2453.75 2452.9

input parameters employed ΓΣc (MeV) 1.89 1.83 (2.1)

in the convolution Eq. (66) mπ (MeV) 139.57 139.57 134.98

TABLE IV. Calculated decay width of the Λ∗
c(2595) → Σc(2455)π. The charge decay channels are indicated in the table, where

[Σcπ]
+ denotes the isospin summed width. The quantum numbers of the λ- and ρ-motions are indicated by (nλ, ℓλ),(nρ, ℓρ),

and JΛ(j)
P stands for the assigned spin for Λ∗

c with the brown muck spin j and the parity P . The masses of the Λ∗
c , Σc, and

π also shown in the table. The symbol † indicates the closed channels for on-shell Σcπ.

Σcπ threshold. As discussed in the previous section, we
find that, by employing the pseudo-scalar coupling (γ5)
for the pion, we obtain less than 1 (keV) for the Λ∗

c(2595)
decay due to the small pion momentum q.

We also find that the assignment of the ρ-mode config-
uration with jP = 1− to the Λc(2595) leads to almost 2.5
– 5 times larger width than the experimental value for the
total width. They are significantly large even if we con-
sider the uncertainty of the pion coupling, because the
experimental total width contains not only the Σcπ de-
cay channel but also the three-body decay of Λcππ which
we do not consider in this paper.

In addition, the ρ-mode configuration with jP = 0−

cannot decay into Σcπ. Therefore we can conclude that,
by the detailed study of decay width, it is likely that
Λc(2595) baryon is dominated by the λ-mode configura-
tion as expected. We might add a comment that other
assignments of the JP = 3/2− or higher spin configura-
tions for Λc(2595) cannot reproduce the large experimen-
tal value for the decay width due to d-wave nature.

C. Λc(2625)(3/2
−) → Σc(2455)(1/2

+)π

The Λc(2625)+ baryon is very narrow resonant state
and is expected to have JP = 3/2−. In PDG, only
the upper limit of the decay width is given as Γ <
0.97 MeV [5]. The Λ+

c ππ and its submode Σcπ are
the only strong decay channel. The branching ratio
BR(Σ++

c π−)/BR(Λ+
c π

+π−) is less than 5%, and there-
fore the partial decay width for Γ(Λc(2625)+ → Σ++

c π−)
is less than 0.05 MeV.

As discussed in the previous section, the Λc(2625)
baryon is assigned to be the low-lying orbital excitation
state with ℓλ = 1 with spin-0 light diquark. The helicity
amplitude for the Λc(3/2−;λ)+ → Σ++

c π− is then given
by the same expressions as Eqs. (58) and (59) but with

Λ∗
c(2625)

+ decay width (MΛ∗ = 2628.11 (MeV))

decay channel full Σ++
c π−

Experimental value Γ (MeV) [5] < 0.97 < 0.05(< 5%)

momentum of final particle q (MeV/c) - 101

this work (nλ, ℓλ), (nρ, ℓρ) JΛ(j)
P

Γ (0, 1), (0, 0) 1/2(1)− 5.4–10.7

(MeV) 3/2(1)− 0.024–0.039

(0, 0), (0, 1) 1/2(0)− 0

1/2(1)− 24.0–45.1

3/2(1)− 0.013–0.019

3/2(2)− 0.023–0.034

5/2(2)− 0.010–0.015

TABLE V. Calculated decay width of the Λ∗
c(2625) →

Σc(2455)
++π−. The quantum numbers of the λ- and ρ-

motions are indicated by (nλ, ℓλ),(nρ, ℓρ), and JΛ(j)
P stands

for the assigned spin for Λ∗
c with the brown muck spin j

and the parity P . The masses of the Σ++
c and π− are

MΣ++ = 2453.97 (MeV) and mπ− = 139.57 (MeV).

the different coefficients as

c0 = 0, c2 = −1

3
. (69)

In contrast to the case of Λ∗
c(2595), the coefficient c0

of the q0 term is zero then the both helicity amplitude
A∇·σ

h and Aq·σ
h are of order of O(q2) as expected for the

3/2− → 1/2+ + 0− decay.
We have two more possible quark configurations for

the Λ∗
c excitations with JP = 3/2−, which are the ρ-mode

excitations with j = 1 and j = 2. The helicity amplitudes
for these configurations are found to be again the same
as Eqs. (61) and (62) but with different coefficients as

c0 = 0, c2 = − 1

3
√
2

(70)

28

P-wave  (1/2–, 3/2–)  to ground state (1/2+)

Nagahiro et al, arXiv:1609.01085 

isospin violated

• 80 %  of the decay of is explained with strong isospin breaking 
• λ-mode results consistent, ρ-mode results overestimate

Experiments          
Momentum          

Λc(2595) 1/2–
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Isospin breaking between π0Σc+  and   π+Σc0, π–Σc++ 

Mass distribution of Λ*(2595) and different phase space 

10

brown muck spin j = 0. The amplitudes are exactly zero
as,

A∇·σ
1/2 (1/2

−; ρj=0) = 0, (67)

Aq·σ
1/2(1/2

−; ρj=0) = 0, (68)

for the decay into Σc(1/2+) baryon. This is due to the
spin conservation of the brown muck; the spin-parity
jP = 0− state cannot decay into jP = 1+ with the pion
0− for any combination of relative angular momentum.
Generally, as we will see more examples, such require-
ments lead to selection rules due to the consistency be-
tween the decays of baryons and decays of brown muck,
or the diquark in the quark model because the pion cou-
ples only to the light quarks. Such observations can be
done best by using the baryon wave functions as inspired
by the heavy quark symmetry.

FIG. 4. Feynman diagram of the sequential decay of Λ∗
c →

Σcπ followed by Σc → Λcπ supposed in Eq. (69).

To estimate the decay width of the Λ∗
c(2595) baryon,

we should take the finite width of the finial Σc baryon into
account, because the Σcπ threshold is very close to the
Λ∗
c(2595) mass. Indeed, the Σ++

c π− and Σ0
cπ

+ channels
barely close at the Λ∗

c(2595) mass while the Σ+
c π

0 channel
opens, which means the isospin breaking is large contrary
to the assumption made in PDG [24]. To this end, we
convolute the decay width of Λ∗

c(2595) by the finite width
of Σc as

Γ̃Λ∗
c
=

1

N

∫
dM̃Σc Im

ΓΛ∗
c
(M̃Σc)

M̃Σc −MΣc + iΓΣc(M̃Σc)/2
,

(69)

where ΓΛ∗(M̃Σ) is the calculated decay width of Λ∗
c given

in Eq. (51) which depends on the mass M̃Σ of the final
Σc baryon. The normalization factor N is defined by,

N =

∫
dM̃Σc Im

1

M̃Σc −MΣc + iΓΣc(M̃Σc)/2
. (70)

We take into account the phase space factor for the Σc

decay width in the convolution integral as,

ΓΣ(M̃Σc) = ΓΣc

MΣc

M̃Σc

(
λ1/2(M̃2

Σc
,M2

Λc
,m2

π)

λ1/2(M2
Σc
,M2

Λc
,m2

π)

)3

× θ(M̃Σc −MΛc −mπ), (71)

where MΛc is the mass of the ground state Λc(2286), and
ΓΣc is the decay width of Σc given by ΓΣc = 1.89 (MeV)

for Σ++
c , ΓΣc = 1.83 (MeV) for Σ0

c . Because only the
upper limit is determined for Σ+

c , we calculate the ratio
of Γ(Σ++

c )/Γ(Σ+
c ) by employing our formalism discussed

in Sec. IVA, and then estimate it as ΓΣc = 2.1 (MeV)
for Σ+

c . The convolution corresponds to the consid-
eration of the sequential decay of the Λ∗

c → Σcπ fol-
lowed by Σc → Λcπ as depicted in Fig. 4. The double
π0 emission decay of Λ∗

c(2595)
+ → Λc(2286)π0π0 can

be approximated by the convoluted single π0 decay of
Λ∗
c(2595)

+ → Σc(2455)+π0 (including a symmetry fac-
tor for the two identical particles), because of the dom-
inant contribution of the on-shell Σc [27]. Similarly, the
charged pion decay Λcπ+π− is approximated by the sum
of the Σ++

c π− and Σ0
cπ

+ decays.

FIG. 5. (color online) Convoluted decay width of
Λ∗

c(2595;λ-mode) → Σc(2455)π as functions of total energy
(= the mass of the Λ∗

c). The thin (blue) lines denote the π−,
π0, and π+ emission decay widths as indicated in the figure.
The thick (red) solid line denotes the sum of three charge
states. The resulting Breit-Winger spectral functions of the
Λ∗

c are also shown in arbitrary unit.

In Fig. 5, we show the calculated result for the decay
width of the Λ∗

c(2595) baryon in the case of the λ-mode
as functions of the mass of the Λ∗

c (the total energy
√
s).

We find that the π± decay width remains finite even at√
s = MΛ∗

c
which is below the π± threshold, owing to

the finite width of the Σc baryon. We can also see that
the π0 threshold is located at 5 MeV below

√
s = MΛ∗

c

and then the π0 decay width is much larger than that of
π±, meaning a large isospin breaking. We also show the
resulting Breit-Wigner form in Fig. 5 with the fixed width
at
√
s = MΛ∗

c
= 2592.25 (MeV) and with the energy-

dependent width. In the present case, both of the BW
functions resemble because of the resulting small width.
However, the energy-dependence of the width is large, so
we have to be careful when estimating the BW width for
Λ∗
c(2595).
In Table IV we show the calculated decay widths

of Λ∗
c(2595)

+ → Σc(2455)++π−, Σc(2455)0π+, and

Allowed phase space

More PhS Less PhS

Mass distribution of Λ*(2595) [MeV]
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D-wave decay

• Only a small part of the decay width is from the two-body 
•  The remaining is considered later

P-wave  (1/2–, 3/2–)  to ground state (1/2+)

Λc(2625) 31/2–

10

Λ∗
c(2595)

+ decay width (MΛ∗ = 2592.25 (MeV))

decay channel full [Σcπ]
+ Σ++

c π− Σ0
cπ

+ Σ+
c π

0

Experimental value Γ (MeV) [5] 2.6± 0.6 - 0.624 (24%) 0.624 (24%) -

momentum of final particle q (MeV/c) - - † † 29

this work (nλ, ℓλ), (nρ, ℓρ) JΛ(j)
P

Γ (0, 1), (0, 0) 1/2(1)− 1.5–2.9 0.13–0.25 0.15–0.28 1.2–2.4

(MeV) (0, 0), (0, 1) 1/2(0)− 0 0 0 0

1/2(1)− 6.5–11.9 0.57–1.04 0.63–1.15 5.3–9.7

MΣc (MeV) 2453.97 2453.75 2452.9

input parameters employed ΓΣc (MeV) 1.89 1.83 (2.1)

in the convolution Eq. (66) mπ (MeV) 139.57 139.57 134.98

TABLE IV. Calculated decay width of the Λ∗
c(2595) → Σc(2455)π. The charge decay channels are indicated in the table, where

[Σcπ]
+ denotes the isospin summed width. The quantum numbers of the λ- and ρ-motions are indicated by (nλ, ℓλ),(nρ, ℓρ),

and JΛ(j)
P stands for the assigned spin for Λ∗

c with the brown muck spin j and the parity P . The masses of the Λ∗
c , Σc, and

π also shown in the table. The symbol † indicates the closed channels for on-shell Σcπ.

Σcπ threshold. As discussed in the previous section, we
find that, by employing the pseudo-scalar coupling (γ5)
for the pion, we obtain less than 1 (keV) for the Λ∗

c(2595)
decay due to the small pion momentum q.
We also find that the assignment of the ρ-mode config-

uration with jP = 1− to the Λc(2595) leads to almost 2.5
– 5 times larger width than the experimental value for the
total width. They are significantly large even if we con-
sider the uncertainty of the pion coupling, because the
experimental total width contains not only the Σcπ de-
cay channel but also the three-body decay of Λcππ which
we do not consider in this paper.
In addition, the ρ-mode configuration with jP = 0−

cannot decay into Σcπ. Therefore we can conclude that,
by the detailed study of decay width, it is likely that
Λc(2595) baryon is dominated by the λ-mode configura-
tion as expected. We might add a comment that other
assignments of the JP = 3/2− or higher spin configura-
tions for Λc(2595) cannot reproduce the large experimen-
tal value for the decay width due to d-wave nature.

C. Λc(2625)(3/2
−) → Σc(2455)(1/2

+)π

The Λc(2625)+ baryon is very narrow resonant state
and is expected to have JP = 3/2−. In PDG, only
the upper limit of the decay width is given as Γ <
0.97 MeV [5]. The Λ+

c ππ and its submode Σcπ are
the only strong decay channel. The branching ratio
BR(Σ++

c π−)/BR(Λ+
c π

+π−) is less than 5%, and there-
fore the partial decay width for Γ(Λc(2625)+ → Σ++

c π−)
is less than 0.05 MeV.
As discussed in the previous section, the Λc(2625)

baryon is assigned to be the low-lying orbital excitation
state with ℓλ = 1 with spin-0 light diquark. The helicity
amplitude for the Λc(3/2−;λ)+ → Σ++

c π− is then given
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Λ∗
c(2625)

+ decay width (MΛ∗ = 2628.11 (MeV))

decay channel full Σ++
c π−

Experimental value Γ (MeV) [5] < 0.97 < 0.05(< 5%)

momentum of final particle q (MeV/c) - 101

this work (nλ, ℓλ), (nρ, ℓρ) JΛ(j)
P

Γ (0, 1), (0, 0) 1/2(1)− 5.4–10.7

(MeV) 3/2(1)− 0.024–0.039
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TABLE V. Calculated decay width of the Λ∗
c(2625) →
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++π−. The quantum numbers of the λ- and ρ-
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P stands

for the assigned spin for Λ∗
c with the brown muck spin j

and the parity P . The masses of the Σ++
c and π− are

MΣ++ = 2453.97 (MeV) and mπ− = 139.57 (MeV).

the different coefficients as

c0 = 0, c2 = −1

3
. (69)

In contrast to the case of Λ∗
c(2595), the coefficient c0

of the q0 term is zero then the both helicity amplitude
A∇·σ

h and Aq·σ
h are of order of O(q2) as expected for the

3/2− → 1/2+ + 0− decay.
We have two more possible quark configurations for

the Λ∗
c excitations with JP = 3/2−, which are the ρ-mode

excitations with j = 1 and j = 2. The helicity amplitudes
for these configurations are found to be again the same
as Eqs. (61) and (62) but with different coefficients as

c0 = 0, c2 = − 1

3
√
2

(70)

Nagahiro et al, arXiv:1609.01085 
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(3) Transitions from higher states, 2hω → 0hω

Decays of charmed baryons through pion emission in the quark model
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We investigate the decays of the charmed baryons aiming at the systematic understanding of
hadron structures. We evaluate the decay widths from the one pion emission in the non-relativistic
quark model for the excited states, Λ∗

c(2595), Λ
∗
c(2625), Λ

∗
c(2765), Λ

∗
c(2880) and Λ∗

c(2940), as well
as for the ground states Σc(2455) and Σ∗

c(2520). The calculated decay widths are in good agreement
with the experimental data, and several important predictions for higher excited Λ∗

c baryons are
given. In these discussions, we find that the axial-vector type coupling of the pion to the light quarks
is essential to reproduce the decay widths especially of the low lying Λ∗

c baryons. We emphasize the
important role of the branching ratios of Γ(Σ∗

cπ)/Γ(Σcπ) for the study of the structure of higher
excited Λ∗

c baryons.

I. INTRODUCTION

The charmed baryons, containing a single heavy charm
quark, have received much attention as a good place to
study the hadron structure. In the limit where the mass
of the heavy quark is taken infinity, new symmetry arises,
that is the so-called heavy quark symmetry [1]. In that
limit the dynamics of the light quark components is ex-
pected to be independent from the spin and flavor of the
heavy quark.

Although the quark model has been used for many
years for the standard description of hadrons, its deriva-
tion from QCD is not yet achieved. The bare quarks of
QCD do not show up in the observed hadron spectrum in
a simple manner. Rather we expect that effective degrees
of freedom are playing essential roles. They should not
only be useful but also have some predictive power for
certain sets of phenomena. Thus their relevance should
be tested by experiments especially when they are not de-
rived from the fundamental theory. In this respect, what
we are aiming at is to establish the economized effective
theory for the strong interaction physics in a phenomeno-
logical manner [2, 3]. After all this is the case for any
physics problems, and has been an issue of consideration
from time to time.

Turning to baryons, if they are regarded as three (con-
stituent) quark systems there are two degrees of freedom
for the internal excitations. One is the relative motion
between two light quarks, so-called ρ-mode, and the other
is the one between the third quark (the charm quark in
the present case) and the center-of-mass of the two light
quarks, so-called λ-mode. Owing to the mass difference
of the heavy and light quarks, the excitation energies
in the λ- and ρ-motions are well separated, and then
the resulting states are dominated by either one of the
two modes with only small mixing [4]. Therefore we ex-
pect that heavy baryons have simpler structure than light
baryons, providing a better oppotunity for the study of
the underlying structure and dynamics.

In general, properties of internal structure are reflected
not only in mass spectrum but also in various transitions
such as productions and decays. Among them two-body
decays through the one-pion emission are particularly
useful due to the following reasons: (1) The pion couples
dominantly with the light quarks. Therefore, their transi-
tions bring information of the two light quarks in a heavy
baryon. This is also related to diquark properties in a
baryon. (2) Some low-lying states of charmed baryons
have significantly smaller excitation energies than light
baryon excitations. Thus the emitted pion carries only a
small momentum and their interaction is well determined
by the low energy chiral dynamics. This provides a good
laboratory to test the low energy pion dynamics.

FIG. 1. (color online) Level structure of the charmed baryons
with I = 0 and I = 1 Yc(mass)JP . The hatched squares de-
note their total decay width in PDG [5]. The arrows indicate
the possible decays with one-pion emission evaluated in this
article.

Heavy baryons can decay also by emitting a heavy
meson if its excitation energy is sufficiently high. This,
however, is a subject of the future study, and in this pa-
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π

R = Γ(Σc
*(3 / 2+ )π )

Γ(Σc(1 / 2
+ )π )

sensitive to  JP and the structure  
of  the decaying particle
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Λ∗
c(2880)

+ decay width (MΛ∗ = 2881.53 (MeV))

decay channel full [Σ(∗)
c π]total [Σcπ]

+ [Σ∗
cπ]

+ R

Experimental value Γ (MeV) 5.8± 1.1 [5] 0.225 [14]

momentum of final particle q (MeV/c) 375 315

(nλ, ℓλ), (nρ, ℓρ) JΛ(j)
P

(0, 1), (0, 0) 1/2(1)− 111.9–254.8 76.9–204.0 35.0–50.8 0.25–0.46

3/2(1)− 129.6–248.8 37.7–52.1 91.9–196.7 2.4–3.8

(0, 0), (0, 1) 1/2(0)− 0 0 0 -

this work 1/2(1)− 502.5–1129.7 483.9–1104.7 18.6–24.9 0.038–0.023

Γ 3/2(1)− 439.3–919.5 20.0–25.6 419.3–893.9 21–35

(MeV) 3/2(2)− 52.8–68.5 36.0–46.0 16.7–22.4 0.46–0.49

5/2(2)− 42.0–55.3 16.0–20.5 26.0–34.9 1.6–1.7

(1, 0), (0, 0) 1/2(0)+ 3.7–13.5 1.3–5.6 2.4–7.9 1.4–1.8

(0, 2), (0, 0) 3/2(1)+ 16.3–39.5 13.9–34.2 2.4–5.3 0.16–0.17

5/2(1)+ 11.2–26.1 1.2–2.8 9.9–23.3 8.1–8.4

(0, 0), (1, 0) 1/2(0)+ 16.5–40.2 7.0–18.2 9.5–22.1 1.2–1.4

(0, 0), (0, 2) 3/2(2)+ 44.8–85.4 39.5–76.0 5.3–9.4 0.12–0.13

5/2(2)+ 27.8–52.2 1.4–2.6 26.4–49.5 18.7–18.9

(nλ, ℓλ), (nρ, ℓρ) JΛ(j)
P
ℓ

(0, 1), (0, 1) 5/2(2)+2 51.7–109.6 1.8–3.5 49.9–106.1 27.5–30.1

5/2(2)+1 0.63–1.68 0 0.63–1.68 (∞)

5/2(3)+2 2.9–5.8 2.1–4.0 0.85–1.73 0.41–0.43

TABLE VII. Calculated decay width of the Λ∗
c(2880) → Σc(2455)π and → Σ∗

c(2520)π. The quantum numbers of the λ- and
ρ-motions are indicated by (nλ, ℓλ),(nρ, ℓρ), and JΛ(j)

P stands for the assigned spin for Λ∗
c with the brown muck spin j and

the parity P . For the {(0, 1), (0, 1)} configurations, we also show the total angular momentum ℓ⃗ = ℓ⃗λ + ℓ⃗ρ as a subscript ℓ

in JΛ(j)
P
ℓ . [Σ(∗)

c π]+ denotes the isospin summed width calculated by using the isospin average masses MΣ = 2453.5 (MeV),
MΣ∗ = 2518.1 (MeV), and mπ = 138.0 (MeV). The ratio R indicates the Σ∗

c/Σc defined in the text.

term arising from the axial-vector coupling γµγ5 of the
pion.

3. Λc(2940) → Σ(∗)
c π decay

As for Λ∗
c(2940), the narrow peak is observed both in

pD0 channel [21] and in Σcπ channel [14]. The total
width is Γ = 17+8

−6 (MeV) [5]. The spin-parity is not
determined.
In table VIII, we show the calculated one-pion decay

widths together with the considered quark configurations
for Λ∗

c(2940). As discussed in the previous section, we
pointed out the possibility that Λ∗

c(2880) is 5/2(3)
+
2 exci-

tation. If this is the case, a new question arises; which Yc

baryon is the heavy quark doublet state having 7/2(3)+2 .
To discuss the possibility of Λ∗

c(2940) being the doublet,
we also show the one-pion decay width with the 7/2(3)+2
assignment for Λ∗

c(2940) in the last line of table VIII.
We can see that this assignment can be consistent with
the experimental full width in [5] in the sense that the
calculated total one-pion emission decay width does not
exceed the reported full width. For the same reason,

the negative parity assignments can be excluded for the
Λ∗
c(2940). Similarly to other Λ∗

c baryons, the partial de-
cay widths and/or the Σ∗

c/Σc ratio will help to determine
the quantum numbers and the possible quark configura-
tion as well.

V. SUMMARY

We have systematically evaluated the decay widths
of the charmed baryons Λ∗

c(2595), Λ
∗
c(2625), Λ

∗
c(2765),

Λ∗
c(2880), and Λ∗

c(2940) into Σ(∗)
c π, as well as Σc(2455)

and Σ∗
c(2520) into Λcπ within the non-relativestive quark

model. Our important findings are as follows:

• For the low-lying Λ∗
c(2595) and Λ∗

c(2625) baryons
the quark model descriptions as the λ-mode exci-
tations with spin-0 diquak can explain the decay
properties very well.

• The derivative coupling derived from the axial-
vector interaction of πqq is essential to produce the
experimental decay rate of Λ∗

c(2595).

13

Λ∗
c(2880)

+ decay width (MΛ∗ = 2881.53 (MeV))

decay channel full [Σ(∗)
c π]total [Σcπ]

+ [Σ∗
cπ]

+ R

Experimental value Γ (MeV) 5.8± 1.1 [5] 0.225 [14]

momentum of final particle q (MeV/c) 375 315

(nλ, ℓλ), (nρ, ℓρ) JΛ(j)
P

(0, 1), (0, 0) 1/2(1)− 111.9–254.8 76.9–204.0 35.0–50.8 0.25–0.46

3/2(1)− 129.6–248.8 37.7–52.1 91.9–196.7 2.4–3.8

(0, 0), (0, 1) 1/2(0)− 0 0 0 -

this work 1/2(1)− 502.5–1129.7 483.9–1104.7 18.6–24.9 0.038–0.023

Γ 3/2(1)− 439.3–919.5 20.0–25.6 419.3–893.9 21–35

(MeV) 3/2(2)− 52.8–68.5 36.0–46.0 16.7–22.4 0.46–0.49

5/2(2)− 42.0–55.3 16.0–20.5 26.0–34.9 1.6–1.7

(1, 0), (0, 0) 1/2(0)+ 3.7–13.5 1.3–5.6 2.4–7.9 1.4–1.8

(0, 2), (0, 0) 3/2(1)+ 16.3–39.5 13.9–34.2 2.4–5.3 0.16–0.17

5/2(1)+ 11.2–26.1 1.2–2.8 9.9–23.3 8.1–8.4

(0, 0), (1, 0) 1/2(0)+ 16.5–40.2 7.0–18.2 9.5–22.1 1.2–1.4

(0, 0), (0, 2) 3/2(2)+ 44.8–85.4 39.5–76.0 5.3–9.4 0.12–0.13

5/2(2)+ 27.8–52.2 1.4–2.6 26.4–49.5 18.7–18.9

(nλ, ℓλ), (nρ, ℓρ) JΛ(j)
P
ℓ

(0, 1), (0, 1) 5/2(2)+2 51.7–109.6 1.8–3.5 49.9–106.1 27.5–30.1

5/2(2)+1 0.63–1.68 0 0.63–1.68 (∞)

5/2(3)+2 2.9–5.8 2.1–4.0 0.85–1.73 0.41–0.43

TABLE VII. Calculated decay width of the Λ∗
c(2880) → Σc(2455)π and → Σ∗

c(2520)π. The quantum numbers of the λ- and
ρ-motions are indicated by (nλ, ℓλ),(nρ, ℓρ), and JΛ(j)

P stands for the assigned spin for Λ∗
c with the brown muck spin j and

the parity P . For the {(0, 1), (0, 1)} configurations, we also show the total angular momentum ℓ⃗ = ℓ⃗λ + ℓ⃗ρ as a subscript ℓ

in JΛ(j)
P
ℓ . [Σ(∗)

c π]+ denotes the isospin summed width calculated by using the isospin average masses MΣ = 2453.5 (MeV),
MΣ∗ = 2518.1 (MeV), and mπ = 138.0 (MeV). The ratio R indicates the Σ∗

c/Σc defined in the text.

term arising from the axial-vector coupling γµγ5 of the
pion.

3. Λc(2940) → Σ(∗)
c π decay

As for Λ∗
c(2940), the narrow peak is observed both in

pD0 channel [21] and in Σcπ channel [14]. The total
width is Γ = 17+8

−6 (MeV) [5]. The spin-parity is not
determined.
In table VIII, we show the calculated one-pion decay

widths together with the considered quark configurations
for Λ∗

c(2940). As discussed in the previous section, we
pointed out the possibility that Λ∗

c(2880) is 5/2(3)
+
2 exci-

tation. If this is the case, a new question arises; which Yc

baryon is the heavy quark doublet state having 7/2(3)+2 .
To discuss the possibility of Λ∗

c(2940) being the doublet,
we also show the one-pion decay width with the 7/2(3)+2
assignment for Λ∗

c(2940) in the last line of table VIII.
We can see that this assignment can be consistent with
the experimental full width in [5] in the sense that the
calculated total one-pion emission decay width does not
exceed the reported full width. For the same reason,

the negative parity assignments can be excluded for the
Λ∗
c(2940). Similarly to other Λ∗

c baryons, the partial de-
cay widths and/or the Σ∗

c/Σc ratio will help to determine
the quantum numbers and the possible quark configura-
tion as well.

V. SUMMARY

We have systematically evaluated the decay widths
of the charmed baryons Λ∗

c(2595), Λ
∗
c(2625), Λ

∗
c(2765),

Λ∗
c(2880), and Λ∗

c(2940) into Σ(∗)
c π, as well as Σc(2455)

and Σ∗
c(2520) into Λcπ within the non-relativestive quark

model. Our important findings are as follows:

• For the low-lying Λ∗
c(2595) and Λ∗

c(2625) baryons
the quark model descriptions as the λ-mode exci-
tations with spin-0 diquak can explain the decay
properties very well.

• The derivative coupling derived from the axial-
vector interaction of πqq is essential to produce the
experimental decay rate of Λ∗

c(2595).

32

Λc(2880) 5/2+

• Both absolute values and R ratio are sensitive to configurations 
• Brown muck of j = 3 seems preferred.  
• This implies that Λc(2940) could be 7/2+

R = Γ(Σc
*(3 / 2+ )π )

Γ(Σc(1 / 2
+ )π )
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Three-body decay
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Three-body decay

Λc(2595) 1/2–
Λc(2625) 3/2–

Σc(2455) 1/2+

Λc(2286) 1/2+

Σc(2520) 1/2+ : Closed

Closed one allowed 
through virtual 
transition

Experimentally, Λc(2625) 3/2–, Λc(2595) 1/2–  → ππΛc(2286) 1/2+

Sequential process

Λ*
c Λc

π π
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Effective Lagrangian
Three-Body Decay of Λ+∗ (2595)

.8∗ (1/2-)

+

.8∗ (1/2-).8 (1/2+) .8 (1/2+)98 (1/2+) 98∗ (3/2+)

* (s-wave) *	(p−wave) *	(d−wave) *	(p−wave)

A B C D

.8∗(0272)

A

B

C

D

Non-Relativistic

5

Coupling constants are determined by the quark model
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Effective Lagrangian
Three-Body Decay of Λ+∗ (2595)

.8∗ (1/2-)

+
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A B C D
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B

C

D

Non-Relativistic

5

Coupling constants are determined by the quark model

Effective Lagrangian
Three-Body Decay of Λ+∗ (2625)

.8∗ (3/2-)

+

.8∗ (3/2-).8 (1/2+) .8 (1/2+)98 (1/2+) 98∗ (3/2+)

* (d-wave) *	(p−wave) *	(s,d−wave) *	(p−wave)

A B C D

.8∗(0102)

A

B

C

D

Non-Relativistic

d- wave

s- wave

6
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Decay Kinematics

Decay Width

Decay Width and Dalitz Region

Dalitz Region

IJKJ

ILJJ

ILJJ (max)

ILJJ (min)

IJKJ (min) IJKJ (max)

*3 *4

Σ+6, Σ+∗6 Λ+3Λ+∗3

1 2

3

IJK

9

ILJ
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Λ+∗ (2595)
Three-body Decay

Dalitz Plot

IJKJ

ILJJ

The Results (MeV)
Contribution 2-Body 3-Body Exp. Data

Σ+33*4 0.13 – 0.25 0.16 0.624 (24%)
Σ+6*3 0.15 – 0.28 0.25 0.624 (24%)
Σ+3*6 1.2 – 2.4 1.63 -

3-body - 104M
(tail Σ+∗) 0.468 (18%)

Interference - 0.05 -
Total 1.5 – 2.9 0. :7 0. 1	 ± :. 1

10

Parameters
PQ = 94MeV
m	= 350MeV

M	= 1500MeV

ST = 400MeV

SU = 290MeV

• 80 % of the decay of Λc(2595) is due to the two body decay: confirmed 
• The virtual process of Σc(2520) has only minor role due to the D-wave nature 
• The remaining ~ 20 % is from other ππ couplings (σ, …?)

Assuming the λ-mode excitations
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• The two body decay of Λc(2625) is only minor 
• The virtual process of Σc(2520) is large due to S-wave nature 
• With the ρ mode excitation, the width is overestimated

Λ+∗ (2625)
Three-body Decay

Dalitz Plot

IJKJ

ILJJ

11

The Results (MeV)

Contribution 2-Body 3-Body Exp. Data
Σ+33*4 0.024 – 0.039 0.036 < 0.05 (< 5%)
Σ+6*3 - 0.032 < 0.05 (< 5%)
Σ+3*6 - 0.053 -

3-body - 0.180 
(tail Σ+∗) (large)

Interference - 0.033 -
Total - :. VVW < :. 7Y:	

Λ+∗ (2625)
Three-body Decay

Dalitz Plot

IJKJ

ILJJ

11

The Results (MeV)

Contribution 2-Body 3-Body Exp. Data
Σ+33*4 0.024 – 0.039 0.036 < 0.05 (< 5%)
Σ+6*3 - 0.032 < 0.05 (< 5%)
Σ+3*6 - 0.053 -

3-body - 0.180 
(tail Σ+∗) (large)

Interference - 0.033 -
Total - :. VVW < :. 7Y:	

➡  Λc(2595) and Λc(2625) are most likely  
     the λ mode HQ doublet of lλ (=1) + 1/2Q = 1/2–, 3/2–
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Summary

• Heavy (strange, cherm, bottom) quarks disentangle different 
modes of baryons, ρ and λ modes 

• Productions are useful for the study of structure 
         A similar feature with hyper nuclei  
• Production rates of excited states may depend on flavor 
   Excitations are abundantly produced for charm 
• Decay rates are sensitive to the structure 
•  Also a good laboratory to test low energy chiral dynamics 
• The nature of states are well studied,  
    Λc(2595, 1/2–) and Λc(2625, 3/2–) are most likely the λ mode
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HHIQCD,	
  YITP

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

Feb.16	
  -­‐	
  Mar.21,	
  2015
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Productions



Seminar at Genova, Italy,  October 5 (Wed), 2016 43

i O f

π + N  →  D* + Λc ,  K* + Λ

(1) How much is charm produced? 
(2) How are they related to internal structure of Λc*?

Productions
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i O f

(1) Hybridized Regge model
Kim, Hosaka, Kim, Noumi 
PRD92 (2015) 9, 094021

(2) Quark model
Kim, Kim, Noumi, Shirotori, Hosaka 
PTEP 2014 (2014) 10, 103D01,

π + N  →  D* + Λc ,  K* + Λ

(1) How much is charm produced? 
(2) How are they related to internal structure of Λc*?

Productions
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Evidence of the diffractive pattern (t-channel dynamics)

45
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pπ, Lab = 4.5 GeV

π −p→ΛK*0 π −p→ ΣK*0

1

1

0.
–1.0         0         +1.0 –1.0         0         +1.0

cosθ cosθ

D.J. Krennel et al
PRD6, 1220 (1972)
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dσ
dΩ
[µb / sr]

Evidence of the diffractive pattern (t-channel dynamics)
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Hybridized Regge model:  with effective Lagrangian for low energy

•  Vector-Reggeon dominance with some pseudoscalar-Reggeon
•  Both angular and energy dependences are well explained

π – + N → K*0 + Λ 
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Ω

 [µ
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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

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

– t GeV2

(1) How much is charm produced?
Kim, Hosaka, Kim, Noumi, PRD92 (2015) 9, 094021
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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

10-4

Prediction to the charm production

~ a few nb



Seminar at Genova, Italy,  October 5 (Wed), 2016 49

Various Ys, YC 

i O f
N

Quark model W.F. 
(Harmonic oscillator)

PTEP 2014 (2014) 10, 103D01

(2) How are they related to internal structure?
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For charm: excited states are produced abundantly

qeff    ~ 1.3 GeV for charm
         ~ 0.5 GeV for strangeness                 

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

qeff
A

⎛
⎝⎜

⎞
⎠⎟

ℓ
× exp −

qeff
2

4A2
⎛

⎝
⎜

⎞

⎠
⎟

i O f
Bc(ℓ-wave)N (S-wave)

ℓmax ~
qeff
2A

~ ~ 2 for charm
~ 0 for strangeness

⎧
⎨
⎪
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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 back to this again
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π + p  
    → D* + Bc

*(JP)

π+ + 89Y  
     → K+ + 89ΛY(JP)

d

s
p

d
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π + p  
    → D* + Bc

*(JP)

π+ + 89Y  
     → K+ + 89ΛY(JP)

d

s
p

d

s
p
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Charm quark is heavy;  is strange quark so?

Wave function mixing for the lowest 1/2– Λc and Σc

Q, while the ρ-mode state has an excited diquark ðqqÞl¼1 in
the L ¼ 0 orbit around Q.
As is discussed in Sec. I, the λ and ρ modes are largely

mixed in the SU(3) limit in the light-quark sector. This
mixing is induced mainly by the spin-spin interaction.
Because the spin-dependent interaction for the heavy quark
is weak, the λ and ρmodes are well separated for the charm
and bottom baryons. Then, each P-wave state is dominated
and characterized either by the λ mode or ρ mode.
In order to demonstrate these properties quantitatively,

we change the heavy-quark mass, mQ, from 300 MeV to
6 GeV and analyze the excitation energies and wave
functions. Figure 9 shows the spectra of ΛQ and ΣQ as
functions of mQ. One sees that the splitting between the
first and second 1=2− state of ΛQ increases rapidly from
100 MeV in the SU(3) limit to 300 MeV in the heavy-quark
limit when mQ increases. This behavior is due to the λ − ρ
splitting as demonstrated by the harmonic oscillator model
(in Fig. 1). Namely, the lowest state becomes dominated by
the λ mode as mQ becomes large. This is confirmed in
Fig. 10, where the λ- and ρ-mode probabilities of the lowest
1=2− state are plotted as functions of mQ. One sees that the
state is almost purely in the λmode atmQ ≥ 1.5 GeV; the λ
dominance is seen even at mQ ¼ 510 MeV. As classified
in Table VI, the quark model predicts seven P-wave ΛQ

excitations, ð1=2−Þ3, ð3=2−Þ3, ð5=2−Þ. They split into the
ð1=2−; 3=2−Þ λ modes and ð1=2−Þ2, ð3=2−Þ2, 5=2− ρ
modes. In Fig. 9, one sees clear splitting (≈350 MeV)
of two low-lying λ modes and five higher ρ-mode states.
The P-wave ΣQ has also seven states in the quark model,

ð1=2−Þ3, ð3=2−Þ3, ð5=2−Þ. One sees that they are classified
into the ð1=2Þ2, ð3=2−Þ2, ð5=2−Þ λmodes and ð1=2−; 3=2−Þ

ρ modes from Fig. 9. The λ and ρ modes are separated
more slowly than ΛQ as mQ increases, and the λ domi-
nance is seen at mQ ≥ 1750 MeV. The difference comes
from the interaction between light quarks which forms the
diquark. The diquark in ΣQ has spin 1 and the spin-spin
interaction is repulsive for the λ mode, while the ρ mode
has a diquark state of spin 0 and the spin-spin interaction
is attractive. Therefore, the difference between the exci-
tation energies of the two modes is small compared to ΛQ.
Thus, the splitting between the excitation energies of two
modes is larger for ΛQ and smaller for ΣQ compared with
the case in which there is no spin-spin force, as we see in
Sec. I. As a result, the change of the probability of two
modes in the ΣQ case is more slow than the ΛQ case, as
shown in Fig. 10.
In the case of double-heavy baryon, the λ-mode state is

composed of the ðQQÞl¼0 heavy diquark with the light
quark q, while the ρ-mode state has the excited heavy
diquark ðQQÞl¼1 in the L ¼ 0 orbit around q. The
combinations of angular momentum are the same as the
ΣQ case, which is shown in Table VI, but the behavior of
the λ and ρ modes are different because ΞQQ or ΩQQ
contains a heavy diquark. As mentioned in Sec. I, ωλ is
larger than ωρ for the P-wave double-heavy baryons and
thus ρ modes are dominant. This is shown in Figs. 11
and 12. One sees that the ð1=2Þ2, ð3=2−Þ2, ð5=2−Þ λ modes
and the ð1=2−; 3=2−Þ ρ modes split in the heavy-quark
region in Fig. 11, and the ρ modes become dominant for
the lowest states at mQ ≥ mc in Fig. 12.

D. Heavy baryons in the heavy-quark limit

In this subsection, we investigate the behavior of
the single-heavy baryons in the heavy-quark limit. We
decompose the wave functions of the P-wave single-
heavy baryons into the parts with different light-spin

FIG. 9 (color online). Heavy-quark mass dependence of excited
energies of the first, second, and third states for 1=2− (solid line),
3=2− (dashed line), and 5=2− (double dotted line) of ΛQ (red) and
ΣQ (blue). The bullet denotes a heavy-quark singlet. The pair
within a half circle denotes a heavy-quark doublet.

FIG. 10 (color online). The probability of the λmode (blue line)
and the ρ mode (red line) of 1=2− for ΣQ (dotted) and ΛQ (solid).

SPECTRUM OF HEAVY BARYONS IN THE QUARK MODEL PHYSICAL REVIEW D 92, 114029 (2015)

114029-13

ΛQ(ρ)

ΣQ(ρ)

ΛQ(λ)

ΣQ(λ)

Regard s and c as heavy

T. Yoshida et al, PRD 92, 114029 (2015) 

λ or ρ dominates


