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1. Light and heavy flavors
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 in GeV0.1 1.0 10

Heavy flavor 
HQ spin multiplet 
(Light) Brown muck

mu, md,        ms    <<    ΛQCD    <<     mc,    mb, …

Light flavor 
Chiral symmetry: SSB 
Constituent quarks

We expect to: 
Study of dynamics of light (colored) d.o.f. by changing flavor 
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Exotic hadrons near thresholds
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Z(3900)

Z(4430)

X(3872)

? ?

•  Presence of light and heavy quarks, which rearrange into 
    molecular, tetraquark, pentaquark, … 
•  Example: X(3872) is mostly a DD* molecular like state

D*D* 
Threshold 
DD*

Many unusual exotics appear  
near and above the thresholds
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Difficulties in exotics are due to ignorance of  
heavy - (mostly) light complex systems 

Charmed (bottom) baryon is one of simplest systems 

Presently:  
Not much is known (next slides) 

These motivated us to study charmed baryons
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2. Charmed baryons
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Isotope-shift: Copley-Isgur-Karl, PRD20, 768 (1979)

A heavy quark distinguishes the λ and ρ modes 

mQ = mu,d

ρ

λ
ρ = λ

8

These structures should be sensitive to reactions 

mQ →∞large

diquark 
excitation

diquark 
motion

ρ mode

λ mode
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Quark model 3-body calculation

• Model Hamiltonian

• Solved by the Gaussian expansion method 

H = p1
2

2mq
+ p2

2

2mq
+ p3

2

2MQ
− P2

2Mtot

+Vconf (Linear or HO)+Vspin−spin (Color −magnetic)+ ...
= H (λ)+ H (ρ)+ coupling

Yoshida, Hiyama, Hosaka, Oka, Phys.Rev. D92 (2015) no.11, 114029 
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Structure of the basis wave functions

ωρ ¼
ffiffiffiffiffi
3k
m

r
; ωλ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kð2mþMÞ

mM

r
: ð7Þ

Orbital wave functions of the three-quark state are
expressed by a simple product of the eigenfunctions of
the separated Hamiltonians

Ψð~r1; ~r2; ~r3Þ ¼ ψλð~λÞψρð~ρÞei
~P·~X; ð8Þ

where ~P is the total momentum of the three-quark state,
and ψλð~λÞ and ψρð~ρÞ the wave functions of the Jacobi

coordinates ~λ and ~ρ. The wave functions of the harmonic
oscillator are given by

ψnlmð~xÞ ¼ RnlðrÞYlmðx̂Þ; ð9Þ

where the radial function RnlðrÞ is summarized in
Appendix A and Ylm is the spherical harmonics. We will
call the excitation with either nλ ≠ 0 (radial excitation) or
lλ ≠ 0 (orbital excitation) the λ-mode. This is also the case
for the ρ-mode. When both the λ-mode and the ρ-mode
happen, this is called the λρ-mode.
The full wave functions of baryons are constructed by

products of the isospin (flavor) part, the spin part, and the
orbital part. For the isospin part, we introduce the notation
DI

ðIzÞ for the two light quarks as

D0∶
"
D0

0 ¼
1ffiffiffi
2
p ðud − duÞ

#
; ð10Þ

for an I ¼ 0 state, and

D1∶
"
D1

1 ¼ uu;D1
0 ¼

1ffiffiffi
2
p ðudþ duÞ; D1

−1 ¼ dd
#
; ð11Þ

for I ¼ 1 states. The flavor wave function of the Λc baryons
having I ¼ 0 is then expressed by D0c (c stands for
the charm quark), and that of the Σc baryons with I ¼ 1
by D1c.
Similarly, the spin wave functions of the two light quarks

are expressed by dsðszÞ,

d0∶
"
d00 ¼

1ffiffiffi
2
p ð↑↓ − ↓↑Þ

#
; ð12Þ

d1∶
"
d11 ¼ ↑↑; d10 ¼

1ffiffiffi
2
p ð↑↓þ ↓↑Þ; d1−1 ¼ ↓↓

#
: ð13Þ

For the charm quark spin, we use the symbol χc for either
spin-up or -down.
By making use of these expressions, the full wave

functions of the ΛcðJÞ and ΣcðJÞ with total spin J are
constructed as

ΛcðJMÞ ¼ ½½ψnλlλmλ
ð~λÞψnρlρmρ

ð~ρÞ; d&j; χc&
J
M
D0c; ð14Þ

ΣcðJMÞ ¼ ½½ψnλlλmλ
ð~λÞψnρlρmρ

ð~ρÞ; d&j; χc&
J
M
D1c ð15Þ

by antisymmetrizing the light quark part including the
color part, which is not explicitly shown here. The total
spin J of the charmed baryon is given by the sum of the
spin of the charm quark and the “total” angular momen-
tum j of the remaining part (hereafter referred to as “light-
component spin j” or simply “light spin j”), which is
obtained by composing the orbital angular momenta lλ
and lρ and diquark spin d. For example, the wave
functions of the orbital ground state for the charmed
baryons are given by

Λcð1=2þÞ ¼ ½½ψ0sð~λÞψ0sð~ρÞ; d0&0; χc&1=2D0c; ð16Þ

Σcð1=2þÞ ¼ ½½ψ0sð~λÞψ0sð~ρÞ; d1&1; χc&
1=2D1c; ð17Þ

and

Σ'
cð3=2þÞ ¼ ½½ψ0sð~λÞψ0sð~ρÞ; d1&1; χc&

3=2D1c: ð18Þ

In Table I, we summarize the quark configurations
for the charmed baryons considered in this article. The
observedΛc excited statesΛ'

cð2595Þ andΛ'
cð2625Þ baryons

are, due to their small excitation energies, assigned to be
the p-wave excitations of the λ-mode (nλ ¼ 0, lλ ¼ 1)
with a spin-0 diquark (d0). Their quark configurations are
given by

Λ'
cð1=2−; λ-modeÞ ¼ ½½ψ0pð~λÞψ0sð~ρÞ; d0&1; χc&

1=2D0c;

ð19Þ

and

Λ'
cð3=2−; λ-modeÞ ¼ ½½ψ0pð~λÞψ0sð~ρÞ; d0&1; χc&

3=2D0c:

ð20Þ

Another possibility to construct the negative parity
excited states for Λ'

c is the so-called ρ-mode excitation
(nρ ¼ 0, lρ ¼ 1), which must have the spin-1 diquark (d1)
due to the antisymmetrization of the wave function. The
total spin j of the light component can be j ¼ 0, 1 and 2,
leading to a HQS singlet with the baryon spin J ¼ 1=2,
and two HQS doublets J ¼ ð1=2; 3=2Þ and J ¼ ð3=2; 5=2Þ,
respectively. For example, the concrete form for the HQS
singlet is given by

NAGAHIRO, YASUI, HOSAKA, OKA, and NOUMI PHYSICAL REVIEW D 95, 014023 (2017)

014023-4

J 

Brown muck heavy quark

J = 1/2, 3/2:  HQ doublet
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4

where the radial function Rnℓ(r) is summarized in Ap-
pendix and Yℓm is the spherical harmonics. We will call
the excitation with either nλ ̸= 0 (radial excitation) or
ℓλ ̸= 0 (orbital excitation) the λ-mode. This is also the
case for the ρ-mode. When both λ-mode and ρ-mode
happen, this is called the λρ-mode.
The full wave functions of baryons are constructed by

products of isospin (flavor) part, spin part, and the or-
bital part. For the isospin part, we introduce the notation
DI

(Iz)
for the two light quarks as

D0 :

{
D0

0 =
1√
2
(ud− du)

}
, (10)

for I = 0 state, and

D1 :

{
D1

1 = uu, D1
0 =

1√
2
(ud− du), D1

−1 = dd

}
,

(11)
for I = 1 states. The flavor wave function of the Λc

baryons having I = 0 is then expressed by D0c (c stands
for the charm quark), and that of the Σc baryons with
I = 1 is by D1c.
Similarly, the spin wave functions of the two light

quarks are expressed by ds(sz),

d0 :

{
d00 =

1√
2
(↑↓ − ↓↑)

}
, (12)

d1 :

{
d11 =↑↑, d10 =

1√
2
(↑↓ + ↓↑), d1−1 =↓↓

}
. (13)

For the charm quark spin, we use the symbol χc for either
spin up or down.
By making use of these expressions, the full wave func-

tions of the Λc(J) and Σc(J) with total spin J are con-
structed as

Λc(JM) =
[
[ψnλℓλmλ(λ⃗)ψnρℓρmρ(ρ⃗), d]

j ,χc

]J
M

D0c ,

(14)

Σc(JM) =
[
[ψnλℓλmλ(λ⃗)ψnρℓρmρ(ρ⃗), d]

j ,χc

]J
M

D1c ,

(15)

by anti-symmetrizing the light quark part including the
color part which is not explicitly shown here. The to-
tal spin J of the charmed baryon is given by the sum
of the spin of charm quark and the “total” angular mo-
mentum j of all the remaining part (hereafter referred
to as “light-component spin j” or simply “light spin j”)
which is obtained by composing the orbital angular mo-
menta ℓλ and ℓρ and diquark spin d. For example, the
wave functions of orbital ground state for the charmed
baryons are given by

Λc(1/2
+) =

[
[ψ0s(λ⃗)ψ0s(ρ⃗), d

0]0,χc

]1/2
D0c , (16)

Σc(1/2
+) =

[
[ψ0s(λ⃗)ψ0s(ρ⃗), d

1]1,χc

]1/2
D1c , (17)

and

Σ∗
c(3/2

+) =
[
[ψ0s(λ⃗)ψ0s(ρ⃗), d

1]1,χc

]3/2
D1c . (18)

TABLE I. Quark configurations considered in this article.
(nλ(ρ), ℓλ(ρ)) are the nodal and the angular momentum quan-
tum numbers for the λ(ρ) motion wave function. The spin
wave function of the two light quarks is expressed by d. The
spin and the parity of the light component is expressed by
jP . The total angular momentum ℓ⃗ = ℓ⃗λ + ℓ⃗ρ are also shown
for λρ-mode. The spin and party JP and supposed physical
charmed baryons are also shown.

Ground states charmed baryons

(nλ, ℓλ) (nρ, ℓρ) ds jP JP possible assignment

(0, 0) (0, 0) d0 0+ 1/2+ Λc(2286)

(0, 0) (0, 0) d1 1+ (1/2, 3/2)+ Σc(2455), Σ
∗
c(2520)

Negative parity excited charmed baryons

(nλ, ℓλ) (nρ, ℓρ) ds jP JP possible assignment

(0, 1) (0, 0) d0 1− (1/2, 3/2)− Λ∗
c(2595), Λ

∗
c(2625)

(0, 0) (0, 1) d1 0− 1/2−

1− (1/2, 3/2)−

2− (3/2, 5/2)− Λ∗
c(2880)(?)

Positive parity excited charmed baryons

(nλ, ℓλ) (nρ, ℓρ) ds jP JP possible assignment

(1, 0) (0, 0) d0 0+ 1/2+

(0, 2) (0, 0) d0 2+ (3/2, 5/2)+ Λ∗
c(2880)(?)

(0, 0) (1, 0) d0 0+ 1/2+

(0, 0) (0, 2) d0 2+ (3/2, 5/2)+ Λ∗
c(2880)(?)

Positive parity excited charmed baryons (λρ-mode)

(nλ, ℓλ) (nρ, ℓρ) ds ℓ jP JP possible assignment

(0, 1) (0, 1) d1 0 1+ (1/2, 3/2)+

1 0+ 1/2+

1+ (1/2, 3/2)+

2+ (3/2, 5/2)+ Λ∗
c(2880)(?)

2 1+ (1/2, 3/2)+

2+ (3/2, 5/2)+ Λ∗
c(2880)(?)

3+ (5/2, 7/2)+ Λ∗
c(2880)(?)

In Table I, we summarize the quark configurations for
the charmed baryons considered in this article. The ob-
served Λc excited states Λ∗

c(2595) and Λ∗
c(2625) baryons

are, due to their small excitation energies, assigned to be
the p-wave excitations of the λ-mode (nλ = 0, ℓλ = 1)
with spin-0 diquark (d0). Their quark configurations are
given by

Λ∗
c(1/2

−;λ-mode) =
[
[ψ0p(λ⃗)ψ0s(ρ⃗), d

0]1,χc

]1/2
D0c ,

(19)

4

where the radial function Rnℓ(r) is summarized in Ap-
pendix and Yℓm is the spherical harmonics. We will call
the excitation with either nλ ̸= 0 (radial excitation) or
ℓλ ̸= 0 (orbital excitation) the λ-mode. This is also the
case for the ρ-mode. When both λ-mode and ρ-mode
happen, this is called the λρ-mode.
The full wave functions of baryons are constructed by

products of isospin (flavor) part, spin part, and the or-
bital part. For the isospin part, we introduce the notation
DI

(Iz)
for the two light quarks as

D0 :

{
D0

0 =
1√
2
(ud− du)

}
, (10)

for I = 0 state, and

D1 :

{
D1

1 = uu, D1
0 =

1√
2
(ud− du), D1

−1 = dd

}
,

(11)
for I = 1 states. The flavor wave function of the Λc

baryons having I = 0 is then expressed by D0c (c stands
for the charm quark), and that of the Σc baryons with
I = 1 is by D1c.
Similarly, the spin wave functions of the two light

quarks are expressed by ds(sz),

d0 :

{
d00 =

1√
2
(↑↓ − ↓↑)

}
, (12)

d1 :

{
d11 =↑↑, d10 =

1√
2
(↑↓ + ↓↑), d1−1 =↓↓

}
. (13)

For the charm quark spin, we use the symbol χc for either
spin up or down.
By making use of these expressions, the full wave func-

tions of the Λc(J) and Σc(J) with total spin J are con-
structed as

Λc(JM) =
[
[ψnλℓλmλ(λ⃗)ψnρℓρmρ(ρ⃗), d]

j ,χc

]J
M

D0c ,

(14)

Σc(JM) =
[
[ψnλℓλmλ(λ⃗)ψnρℓρmρ(ρ⃗), d]

j ,χc

]J
M

D1c ,

(15)

by anti-symmetrizing the light quark part including the
color part which is not explicitly shown here. The to-
tal spin J of the charmed baryon is given by the sum
of the spin of charm quark and the “total” angular mo-
mentum j of all the remaining part (hereafter referred
to as “light-component spin j” or simply “light spin j”)
which is obtained by composing the orbital angular mo-
menta ℓλ and ℓρ and diquark spin d. For example, the
wave functions of orbital ground state for the charmed
baryons are given by

Λc(1/2
+) =

[
[ψ0s(λ⃗)ψ0s(ρ⃗), d

0]0,χc

]1/2
D0c , (16)

Σc(1/2
+) =

[
[ψ0s(λ⃗)ψ0s(ρ⃗), d

1]1,χc

]1/2
D1c , (17)

and

Σ∗
c(3/2

+) =
[
[ψ0s(λ⃗)ψ0s(ρ⃗), d

1]1,χc

]3/2
D1c . (18)

TABLE I. Quark configurations considered in this article.
(nλ(ρ), ℓλ(ρ)) are the nodal and the angular momentum quan-
tum numbers for the λ(ρ) motion wave function. The spin
wave function of the two light quarks is expressed by d. The
spin and the parity of the light component is expressed by
jP . The total angular momentum ℓ⃗ = ℓ⃗λ + ℓ⃗ρ are also shown
for λρ-mode. The spin and party JP and supposed physical
charmed baryons are also shown.

Ground states charmed baryons

(nλ, ℓλ) (nρ, ℓρ) ds jP JP possible assignment

(0, 0) (0, 0) d0 0+ 1/2+ Λc(2286)

(0, 0) (0, 0) d1 1+ (1/2, 3/2)+ Σc(2455), Σ
∗
c(2520)

Negative parity excited charmed baryons

(nλ, ℓλ) (nρ, ℓρ) ds jP JP possible assignment

(0, 1) (0, 0) d0 1− (1/2, 3/2)− Λ∗
c(2595), Λ

∗
c(2625)

(0, 0) (0, 1) d1 0− 1/2−

1− (1/2, 3/2)−

2− (3/2, 5/2)− Λ∗
c(2880)(?)

Positive parity excited charmed baryons

(nλ, ℓλ) (nρ, ℓρ) ds jP JP possible assignment

(1, 0) (0, 0) d0 0+ 1/2+

(0, 2) (0, 0) d0 2+ (3/2, 5/2)+ Λ∗
c(2880)(?)

(0, 0) (1, 0) d0 0+ 1/2+

(0, 0) (0, 2) d0 2+ (3/2, 5/2)+ Λ∗
c(2880)(?)

Positive parity excited charmed baryons (λρ-mode)

(nλ, ℓλ) (nρ, ℓρ) ds ℓ jP JP possible assignment

(0, 1) (0, 1) d1 0 1+ (1/2, 3/2)+

1 0+ 1/2+

1+ (1/2, 3/2)+

2+ (3/2, 5/2)+ Λ∗
c(2880)(?)

2 1+ (1/2, 3/2)+

2+ (3/2, 5/2)+ Λ∗
c(2880)(?)

3+ (5/2, 7/2)+ Λ∗
c(2880)(?)

In Table I, we summarize the quark configurations for
the charmed baryons considered in this article. The ob-
served Λc excited states Λ∗

c(2595) and Λ∗
c(2625) baryons

are, due to their small excitation energies, assigned to be
the p-wave excitations of the λ-mode (nλ = 0, ℓλ = 1)
with spin-0 diquark (d0). Their quark configurations are
given by

Λ∗
c(1/2

−;λ-mode) =
[
[ψ0p(λ⃗)ψ0s(ρ⃗), d

0]1,χc

]1/2
D0c ,

(19)

33

37 = 2×λ + 5×ρ

n = 0

n = 1

Quark model states
Example for Λ:  qq is made isosinglet

This counting reversed for Σ and Ωc

λ mode
ρ mode
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FIG. 5. Calculated energy spectra of Λc, Σc, and Ωc for 1=2þ, 3=2þ, 5=2þ, 1=2−, 3=2−, and 5=2−(solid line) together with
experimental data (dashed line). Several thresholds are also shown by dotted lines.

TABLE VIII. Calculated energy spectra and experimental
results of Λb, Σb, and Ωb.

Λb

Theory Experiment
JP (MeV) (MeV)
1
2
þ 5618 5624

6153
6467

3
2
þ 6211

6488
6511

5
2
þ 6212

6530
6539

1
2
− 5938 5912

6236
6273

3
2
− 5939 5920

6273
6285

5
2
− 6289

6739
6786

Σb

Theory Experiment
JP (MeV) (MeV)
1
2
þ 5823 5815

6343

(Table continued)

TABLE VIII. (Continued)

Σb

Theory Experiment
JP (MeV) (MeV)

6395
3
2
þ 5845 5835

6356
6393

5
2
þ 6397

6402
6505

1
2
− 6127

6135
6246

3
2
− 6132

6141
6246

5
2
− 6144

6592
6834

Ωb

Theory Experiment
JP (MeV) (MeV)
1
2
þ 6076 6048

6517
6561

3
2
þ 6094

6528

(Table continued)

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

114029-9

Yoshida, Hiyama, Hosaka, Oka, Phys.Rev. D92 (2015) no.11, 114029 

ρ

λ

ρ
λ
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Phys.Rev.Lett. 118 (2017) no.18, 182001, arXiv:1703.04639  
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Figure 2: Distribution of the reconstructed invariant mass m(⌅+
c

K�) for all candidates passing
the likelihood ratio selection; the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red) histogram shows the corresponding
mass spectrum from the ⌅+

c

sidebands and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ⌦

c

(X)0 resonances.

Figure 1 shows the pK�⇡+ mass spectrum of ⌅+
c

candidates passing the likelihood
ratio selection for all three data sets combined, along with the result of a fit with the
functional form described above. The ⌅+

c

signal region contains 1.05⇥ 106 events. Note
that this inclusive ⌅+

c

sample contains not only those produced in the decays of charmed
baryon resonances but also from other sources, including decays of b hadrons and direct
production at the PV.

Each ⌅+
c

candidate passing the likelihood ratio selection and lying within the ⌅+
c

signal mass region is then combined in turn with each K� candidate in the event. A
vertex fit is used to reconstruct each ⌅+

c

K� combination, with the constraint that it
originates from the PV. The ⌅+

c

K� candidate must have a small vertex fit �2, a high
kaon identification probability, and transverse momentum pT(⌅+

c

K�) > 4.5GeV.
The ⌅+

c

K� invariant mass is computed as

m(⌅+
c

K�) = m([pK�⇡+]
⌅

+
c
K�)�m([pK�⇡+]

⌅

+
c
) +m

⌅

+
c
, (2)

where m
⌅

+
c
= 2467.89+0.34

�0.50 MeV is the world-average ⌅+
c

mass [16] and [pK�⇡+]
⌅

+
c
is the

reconstructed ⌅+
c

! pK�⇡+ candidate. In this analysis, the distribution of the invariant
mass m(⌅+

c

K�) is studied from threshold up to 3450MeV.
The ⌅+

c

K� mass distribution for the combined data sets is shown in Fig. 2 where five
narrow structures are observed. To investigate the origin of these structures, Fig. 2 also

3

Five narrow peaks may correspond to five λ modes?
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FIG. 5. Calculated energy spectra of Λc, Σc, and Ωc for 1=2þ, 3=2þ, 5=2þ, 1=2−, 3=2−, and 5=2−(solid line) together with
experimental data (dashed line). Several thresholds are also shown by dotted lines.

TABLE VIII. Calculated energy spectra and experimental
results of Λb, Σb, and Ωb.

Λb

Theory Experiment
JP (MeV) (MeV)
1
2
þ 5618 5624

6153
6467

3
2
þ 6211

6488
6511

5
2
þ 6212

6530
6539

1
2
− 5938 5912

6236
6273

3
2
− 5939 5920

6273
6285

5
2
− 6289

6739
6786

Σb

Theory Experiment
JP (MeV) (MeV)
1
2
þ 5823 5815

6343

(Table continued)

TABLE VIII. (Continued)

Σb

Theory Experiment
JP (MeV) (MeV)

6395
3
2
þ 5845 5835

6356
6393

5
2
þ 6397

6402
6505

1
2
− 6127

6135
6246

3
2
− 6132

6141
6246

5
2
− 6144

6592
6834

Ωb

Theory Experiment
JP (MeV) (MeV)
1
2
þ 6076 6048

6517
6561

3
2
þ 6094

6528

(Table continued)

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

114029-9

Yoshida, Hiyama, Hosaka, Oka, Phys.Rev. D92 (2015) no.11, 114029 

ρ

λ

ρ
λ

LHCb
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(A) Production 
(B) Formation of resonances 
(C) Decay of resonances

Production Decay

Beam

Target Baryons ...

Decaying mesons
Meson

Excited state

・
 ・
・

(C)(A) (B)

Reaction rates reflect the structure of excited states
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π + N    à D* + Λc 

i O f

Reaction	  dynamics	  

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

Absolute values 
How much  
is charm produced?

Ratio 
How are they related to  
internal structure?

PTEP 2014 (2014) 10, 103D01, 
PRD92 (2015) 9, 094021

3. Productions

Kim, Kim, Hosaka, Noumi, …
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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.

1 2 4 8
s/sth

10-8

10-6

10-4

10-2

σ 
[µ

b]

DR
D*R
ΣcR
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. 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

Absolute values: Regge model

Strangeness 
Fit the data

Charm 
Make prediction

Kim, AH, Kim, Phys.Rev. D92 (2015) no.9, 094021 
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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
⎛

⎝
⎜

⎞

⎠
⎟

Transitions to excited states are not suppressed

λ modep Λc*}{
Quark model WFQuark model WF
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1 : 2

1/ 2+ 1/ 2− 3 / 2−

Ground state Excited states

Spectrum simulation

HQ doublet
J = jl + sH = jl ±1/ 2

2 : 3

3 / 2+

5 / 2+
l = 0 l = 1

l = 2
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H.#Hotch#et#al.,##
Phys.#Rev.#C64,#044302(2001)#

Establishing single particle orbits: 89Y

s1/2

p1/2,	  3/2

d1/2,	  3/2

f1/2,	  3/2

 Similarity with hyper nuclei
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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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λ modep Λc*}{
ρ mode

S.I. Shim and AH
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4.  Decays —Pion emission—

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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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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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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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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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
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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 by three-body decay

Λc(2625) 3/2–

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
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)

Possible decay to Σc(2455)π is via D-wave
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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

gA
q = 1   →   gA

N = 5/3  >  1.25exp

Factor 2 difference, which is due to …

Σc(2455), Σc(2520)
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Three-body decay

Λc(2625) 3/2–

Σc(2455) 1/2+

Λc(2286) 1/2+

Σc(2520) 3/2+ 

Role of the closed channel in Λc(2625) 3/2–  → ππΛc(2286) 1/2+

π π

Σc(2455) 

π π

Σc(2520)
+

Λc(2625) 3/2– Λc(2625) 3/2–

Closed

d-wave p-wave s-wave p-wave

Suppressed NOT suppressed

Λc(2625) 3/2–

Sequential decays π

π

32
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FIG. 2. All possible Feynman diagrams describing sequential
decay of ⇤⇤

c ! ⇤c⇡
+⇡�. ⇤⇤

c is either ⇤⇤
c(2595) or ⇤⇤

c(2625).
The diagrams consist of the process going through ⌃⇤

c(2520)
and ⌃c(2455) and their di↵erent charged states.

formed in the non-relativistic approximation which is
considered to be good for the decays of charmed (heavy)
baryons.

For the case of ⇤⇤
c(2595) ! ⇤c⇡

+

⇡

�, the relevant La-
grangians are
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where the derivatives act on the pion field, and the isovec-
tor structure is indicated explicitly for the pion and ⌃c

fields as ~⇡ and ~

 

⌃c . The structure of the Lagrangian also
depends on the spin and parity of ⇤⇤

c and hence also on
the angular momentum of the out-going pion. For in-
stance, the vertex A has s-wave structure, vertex B has
p-wave structure, vertex C has d-wave structure, and so
forth. In Eqs. (3) and (4), spin transfer matrix Sµ [11] is
defined by the Clebsh-Gordan coe�cients

h3/2 ↵|Sµ|1/2 �i = (3/2 ↵ 1 µ|1/2 �) . (5)

where ↵ and � are the spin state of a particle with spin
3/2 and 1/2 respectively.

For ⇤⇤
c(2625) ! ⇤c⇡

+

⇡

�, the Lagrangian for each ver-
tex is written as

LA = fa
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where ⌃µ are

h3/2 ↵|⌃µ|3/2 �i = (3/2 ↵ 1 µ|3/2 �) . (11)

We note that there are two possible structures for the ver-
tex C; s-wave and d-wave. Later, we will notice that the
s-wave Lagrangian gives large contributions compared to
d-wave.

The coupling constants g and f in the e↵ective La-
grangians are extracted from the quark model by equat-
ing the amplitudes in the two models. In the quark
model, the amplitudes of Yi ! Yf⇡ which correspond
the vertices in Fig. 2 are calculated by

�iT QM (2⇡)4�(4)(pf � pi) =Z
d4x hYf ( Jf , s

0 )⇡|iL⇡qq(x)|Yi( Ji, s )i . (12)

where Yi(f) denote the initial (final) charmed baryons,
and the ⇡qq interaction in the quark model is given in the
form of the pseudovector coupling. It contains a quark
axial coupling gqA for the coupling strength. The choice of
this parameter will be discussed later. The detailed cal-
culation can be found in Ref. [10]. Likewise, the matrix
elements derived from e↵ective Lagrangians are

�iT EL(2⇡)4�(4)(pf � pi) =Z
d4x hYf ( Jf , s

0 )⇡|iL↵(x)|Yi( Ji, s )i , (13)

where the symbol ↵ stands for A,B,C or D.

B. Coupling constants for ⇤⇤
c(2595)

The coupling constants in the e↵ective La-
grangians (1)-(10) extracted from the non-relativistic
quark model for ⇤⇤

c(2595) with � mode are given by
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where M and m are the masses of the heavy and light
quarks and a� is the range of the Gaussian wave function
of � coordinate. We define the constants G as

G =
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where gqA is the quark axial vector coupling constant and
f⇡ = 93 MeV is the pion decay constant. For simplicity,
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⌃c . The structure of the Lagrangian also
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c and hence also on
the angular momentum of the out-going pion. For in-
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defined by the Clebsh-Gordan coe�cients

h3/2 ↵|Sµ|1/2 �i = (3/2 ↵ 1 µ|1/2 �) . (5)

where ↵ and � are the spin state of a particle with spin
3/2 and 1/2 respectively.

For ⇤⇤
c(2625) ! ⇤c⇡

+

⇡

�, the Lagrangian for each ver-
tex is written as

LA = fa
~

 

†
⌃c

✓
~� · ~r~S · ~r� 1

3
~� · ~S~r2

◆
 

⇤

⇤
c
· ~⇡ + h.c, (6)

LB = fb 
†
⇤c

⇣
~� · ~r

⌘
~

 

⌃c · ~⇡ + h.c, (7)

Ls
C = fc

~

 

†
⌃

⇤
c
 

⇤

⇤
c
· ~⇡ + h.c, (8)

Ld
C = f

0
c
~

 

†
⌃

⇤
c

✓
~⌃ · ~r~⌃ · ~r� 1

3
~⌃ · ~⌃~r2

◆
 

⇤

⇤
c
· ~⇡ + h.c, (9)

LD = fd 
†
⇤c

⇣
~

S · ~r
⌘
~

 

⌃

⇤
c
· ~⇡ + h.c. (10)

where ⌃µ are

h3/2 ↵|⌃µ|3/2 �i = (3/2 ↵ 1 µ|3/2 �) . (11)
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d-wave.

The coupling constants g and f in the e↵ective La-
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ing the amplitudes in the two models. In the quark
model, the amplitudes of Yi ! Yf⇡ which correspond
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and the ⇡qq interaction in the quark model is given in the
form of the pseudovector coupling. It contains a quark
axial coupling gqA for the coupling strength. The choice of
this parameter will be discussed later. The detailed cal-
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• The two body decay of Λc(2625) is minor 
• The contribution of closed (virtual) Σc(2520) is large due to S-wave nature 
• The ratio prefers the λ mode
➡  λ mode is consistent with data, but more study is needed

Λc(2625) → Σc(*) + π → Λ + π + π

6

FIG. 5. Dalitz plot and invariant mass distribution of
⇤⇤

c(2595) ! ⇤c⇡
+⇡� with ⌃(⇤)0

c ⇡+ and ⌃(⇤)++

c ⇡� channels
in intermediate state. ⇤⇤

c(2595) is assumed to be � mode.

wave nature of the two-body final state. Indeed, we show
here that the three-body processes give significant con-
tributions. This can be used to distinguish the � and ⇢

modes.
We compare decay widths calculated from various in-

termediates states with di↵erent mode assignments in Ta-
ble II. Firstly, our results are consistent with two-body
analysis in our previous work [10] by which we can not
disentangle which mode is dominant for ⇤⇤

c(2625). Now
by looking at the results of the closed channel contribu-
tion as shown in the lower three lines, we can see that

TABLE II. Various contributions to the decay width of
⇤⇤

c(2625) in the sequential process with the � and ⇢ mode as-
signments with di↵erent intermediate states (in unit of MeV).
The right column shows partial decay widths into ⌃c⇡ and
those into ⇤c⇡⇡ 3-body shown in PDG [12]

Intermediate �-mode ⇢-mode
Exp.[12]

state j = 1 j = 1 j = 2
⌃++

c ⇡� 0.037 0.018 0.033 <0.05 (<5%)
⌃0

c⇡
+ 0.031 0.016 0.030 <0.05 (<5%)

⌃+

c ⇡
0 0.053 0.027 0.049 -

3-body (large)
⌃⇤++

c ⇡� 0.044 0.190 0 -
⌃⇤0

c ⇡+ 0.064 0.285 0 -
⌃⇤+

c ⇡0 0.071 0.306 0 -
�
total

0.300 0.842 0.112 < 0.97
R 0.61 0.93 0

FIG. 6. Dalitz plot and invariant mass distribution of
⇤⇤

c(2595) ! ⇤c⇡
0⇡0 with ⌃(⇤)+

c ⇡0 channels in intermediate
state. ⇤⇤

c(2595) is assumed to be � mode.

the decay width is sensitive to the coupling of ⌃⇤
c .
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where the value is R = 0.54±0.14 [15]. This value seems
consistent with the � mode assignment.
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IV. SUMMARY

E↵ective Lagrangian method has been used for the
study of three-body decays of ⇤⇤

c(2595) and ⇤⇤
c(2625)

FIG. 8. Dalitz plot and invariant mass distribution of
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in which the coupling constants are extracted from the
quark model. We have considered the sequential decays
through ⌃c⇡ and ⌃⇤

c⇡ in intermediate states. By com-
paring the theoretical predictions with the experimental
data, we have extracted useful information about the ex-
citation mode of those states.

By using currently available experimental data, we
have argued that both ⇤⇤

c(2595) and ⇤⇤
c(2625) are most

likely dominated by the � mode and all other possibili-
ties of ⇢ modes are unlikely. For ⇤⇤

c(2595) with � mode,
the two-body decay width is consistent with the data. In
contrast, ⇢ mode assignments overestimate significantly
the decay width. In the case of ⇤⇤

c(2625), the ratio of the
⇤⇤
c ! ⇡

+

⇡

� (non-resonant) and ⇤⇤
c ! ⇡

+

⇡

�(total) de-
cays seems consistent with the data, but further informa-
tion on the Dalitz plots and invariant mass distributions
should be useful to distinguish its structure.
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where the value is R = 0.54±0.14 [15]. This value seems
consistent with the � mode assignment.

In Fig. 7-9, we show Dalitz plots and invariant mass
distributions for the decay of ⇤⇤

c(2625) with di↵erent as-
signments. Fig. 7 is for the � mode and shows that
the most contributions are concentrated around the res-
onance ⌃c(2455) region because the contribution of the
closed channel ⌃⇤

c(2520) is not large.

Figures 8 and 9 are for the two ⇢ modes, which show
interesting features. The ⇢ mode with j = 1 in Fig. 8 has
a large contribution from the closed ⌃⇤

c(2520) channel,
showing a large background strength over the allowed
region with less prominent peak structure from the open
⌃c(2455) channel. Contrary, ⇢ with j = 2 mode has zero
contribution from the closed channel and therefore, shows
only a peak structure around the open ⌃c(2455) channel.
These di↵erences are clear, which will be useful to further
distinguish the nature of the ⇤⇤
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Summary
• We have discussed charmed (one-heavy quark) baryons. 
• Distinction of λ-ρ mode should be tested. 
• Reaction rates/ratios are useful 

Questions and problems 
•  So far 1hω (likely to be λ mode), what about ρ modes 
• Higher excited states, 2hω 
• D (heavy) meson emission and decay width 
• Nature of monopole (Roper) excitation of 1/2+ 
• Similar or even lower than 1/2– 
• ΔE(1/2+) ~ 500 MeV, independent of flavors 

•  Production mechanism (quantitatively) 
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Constituents are at work

States and their classification ~ [L, S]J
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Heavy Baryons and their Exotics from Instantons in Holographic QCD

Yizhuang Liu⇤ and Ismail Zahed†

Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794-3800, USA
(Dated: April 28, 2017)

We use a variant of the D4-D8 construction that includes two chiral and one heavy meson, to
describe heavy-light baryons and their exotics as heavy mesons bound to a flavor instanton in bulk.
At strong coupling, the heavy meson is shown to always bind in the form of a flavor instanton
zero mode in the fundamental representation. The ensuing instanton moduli for the heavy baryons
exhibits both chiral and heavy quark symmetry. We detail how to quantize it, and derive model
independent mass relations for heavy bayons with a single-heavy quark in leading order, in overall
agreement with the reported baryonic spectra with one charm or bottom. We also discuss the
low-lying masses and quantum assignments for the even and odd parity states, some of which
are yet to be observed. We extend our analysis to double-heavy pentaquarks with hidden charm
and bottom. In leading order, we find a pair of doube-heavy iso-doublets with IJ⇡ = 1
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�
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�

assignments for all heavy flavor combinations. We also predict five new Delta-like pentaquark states
with IJ⇡ = 3
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3
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�
, 3
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5
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�
assignments for both charm and bottom.

PACS numbers: 11.25.Tq, 11.15.Tk, 12.38.Lg, 12.39.Fe, 12.39.Hg, 13.25.Ft, 13.25.Hw

I. INTRODUCTION

In QCD the light quark sector (u, d, s) is dominated by
the spontaneous breaking of chiral symmetry. The heavy
quark sector (c, b, t) is characterized by heavy-quark
symmetry [1]. The combination of both symmetries is at
the origin of the chiral doubling in heavy-light mesons [2,
3] as measured by both the BaBar collaboration [4] and
the CLEOII collaboration [5].

Recently the Belle collaboration [6] and the BESIII
collaboration [7] have reported many multiquark ex-
otics uncommensurate with quarkonia, e.g. the neutral
X(3872) and the charged Zc(3900)± and Zb(10610)±.
These exotics have been also confirmed by the DO col-
laboration at Fermilab [8], and the LHCb collabora-
tion at CERN [9]. LHCb has reported new pentaquark
states P+

c (4380) and P+
c (4450) through the decays ⇤0

b !
J pK�, J p⇡� [10]. More recently, five narrow and
neutral excited ⌦0

c baryon states that decay primarily to
⇥+

c K
� were also reported by the same collaboration [11].

These flurry of experimental results support new phe-
nomena involving heavy-light multiquark states, a priori
outside the canonical classification of the quark model.

Some of the tetra-states exotics maybe understood as
molecular bound states mediated by one-pion exchange
much like deuterons or deusons [12–19]. Non-molecular
heavy exotics were also discussed using constituent quark
models [21], heavy solitonic baryons [22, 23], instan-
tons [24] and QCD sum rules [25]. The penta-states
exotics reported in [10] have been foreseen in [26] and
since addressed by many using both molecular and di-
quark constructions [27], as well as a bound anti-charm
to a Skyrmion [28]. String based pictures using string

⇤Electronic address: yizhuang.liu@stonybrook.edu
†Electronic address: ismail.zahed@stonybrook.edu

junctions [29] have also been suggested for the descrip-
tion of exotics, including a recent proposal in the context
of the holographic inspired string hadron model [30].

The holographic construction o↵ers a framework for
addressing both chiral symmetry and confinement in
the double limit of large Nc and large t0Hooft coupling
� = g2Nc. A concrete model was proposed by Sakai and
Sugimoto [31] using a D4-D8 brane construction. The
induced gravity on the probe Nf D8 branes due to the
large stack of Nc D4 branes, causes the probe branes
to fuse in the holographic direction, providing a geomet-
rical mechanism for the spontaneous breaking of chiral
symmetry. The DBI action on the probe branes yields
a low-energy e↵ective action for the light pseudoscalars
with full global chiral symmetry, where the vectors and
axial-vector light mesons are dynamical gauge particles
of a hidden chiral symmetry [32]. In the model, light
baryons are identified with small size instantons by wrap-
ping D4 around S4, and are dual to Skyrmions on the
boundary [36, 37]. Remarkably, this identification pro-
vides a geometrical description of the baryonic core that
is so elusive in most Skyrme models [38]. A first principle
description of the baryonic core is paramount to the un-
derstanding of heavy hadrons and their exotics since the
heavy quarks bind over their small Compton wavelength.

The purpose of this paper is to propose a holographic
description of heavy baryons and their exotics that in-
volve light and heavy degrees of freedom through a vari-
ant of the D4-D8 model that includes a heavy flavor [39]
with both chiral and heavy-quark symmetry. The model
uses 2 light and 1 heavy branes where the heavy-light
mesons are identified with the string low energy modes,
and approximated by bi-fundamental and local vector
fields in the vicinity of the light probe branes. Their
masses follow from the vev of the moduli span by the dila-
ton fields in the DBI action. The model allows for the
description of the radial spectra of the (0±, 1±) heavy-
light multiplets, their pertinent vector and axial corre-
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MNQ = +M0 +NQmH

+

 
(l + 1)2

6
+

2

15
N2

c

 
1� 15NQ

4Nc
+

5N2
Q

3N2
c

!! 1
2

MKK

+
2(n⇢ + nz) + 2p

6
MKK (42)

with MKK the Kaluza-Klein mass and M0/MKK = 8⇡2
the bulk instanton mass. The Kaluza-Klein scale is usu-
ally set by the light meson spectrum and is fit to repro-
duce the rho mass with MKK ⇠ m⇢/

p
0.61 ⇠ 1 GeV [31].

Whenever possible, we will try to eliminate the uncer-
tainties on the value of MKK through model independent
relations for fixed NQ.

We note that the net e↵ect of the heavy-meson is
among other thinghs, an increase in the iso-rotational
inertia by expanding (42) in 1/Nc. The negative NQ/Nc

contribution in (42) reflects on the fact that a heavy me-
son with a heavy quark mass is attracted to the instanton
to order �0. As we noted earlier, a heavy meson with a
heavy anti-quark will be repelled to order �0 hence a sim-
ilar but positive contribution. The positive N2

Q/N
2
c con-

tribution is the repulsive Coulomb-like self-interaction.
Note that it is of the same order as the rotational contri-
bution which justifies keeping it in our analysis.

(42) is to be contrasted with the mass spectrum for
baryons with no heavy quarks or NQ = 0, where the nu-
cleon state is idendified as NQ = 0, l = 1, nz = n⇢ = 0
and the Delta state as NQ = 0, l = 3, nz = n⇢ = 0 [36].
The radial excitation with n⇢ = 1 can be identified with
the radial Roper excitation of the nucleon and Delta,
while the holographic excitation with nz = 1 can be in-
terpreted as the odd parity excitation of the nucleon and
Delta.

E. Single-heavy baryons

Since the bound zero-mode transmuted to spin 1
2 , the

lowest heavy baryons with one heavy quark are charac-
terized by NQ = 1, l = even,Nc = 3 and nz, n⇢ = 0, 1,
with the mass spectrum

MXQ = +M0 +mH (43)

+

✓
(l + 1)2

6
� 7

90

◆ 1
2

MKK

+
2(n⇢ + nz) + 2p

6
MKK (44)

1. Heavy baryons

Consider the states with nz = n⇢ = 0. We identify
the state with l = 0 with the heavy-light iso-singlet ⇤Q

with the assignments IJ⇡ = 0 1
2

+
. We identify the state

with l = 2 with the heavy-light iso-triplet ⌃Q with the

assignment 1 1
2

+
, and ⌃?

Q with the assignment 1 3
2

+
. By

subtracting the nucleon mass from (43) we have

M⇤Q �MN �mH = �1.06MKK

M⌃Q �MN �mH = �0.17MKK

M⌃⇤
Q
�MN �mH = �0.17MKK (45)

Hence the holographic and model independent relations

M⇤Q0 = M⇤Q + (mH0 �mH)

M⌃Q0 = 0.84mN +mH0 + 0.16 (M⇤Q �mH) (46)

with Q,Q0 = c, b. Using the heavy meson masses mD ⇡
1870 Mev, mB = 5279 MeV and m⇤c = 2286 Mev we
find that M⇤b = 5655 MeV in good agreement with the
measured value of 5620 MeV. Also we find M⌃c = 2725
Mev and M⌃b = 6134 Mev, which are to be compared to
the empirical values ofM⌃c = 2453 Mev andM⌃b = 5810
Mev respectively.

2. Excited heavy baryons

Now, consider the low-lying breathing modes R with
n⇢ = 1 for the even assignments 0 1

2

+
, 1 1

2

+
, 1 3

2

+
, and

the odd parity excited states O with nz = 1 for the
odd assigments 0 1

2

�
, 1 1

2

�
, 1 3

2

�
. (43) shows that the R-

excitations are degenerate with the O-excitations. We
obtain (E = O,R)

M⇤EQ0 = +0.23M⇤Q + 0.77mN � 0.23mH +mH0

M⌃EQ0 = �0.59M⇤Q + 1.59mN + 0.59mH +mH0

(47)

We found M⇤Oc = 2686 MeV which is to be compared

to the mass 2595 MeV for the reported charm 0 1
2

�
state,

and M⇤Ob = 6095 MeV which is close to the mass 5912

MeV for the reported bottom 0 1
2

�
state. (47) predicts

a mass of M⌃Oc = 3126 MeV for a possible charm 1 1
2

�

state, and a mass of M⌃Ob = 6535 MeV for a possible

bottom 1 1
2

�
state.

F. Double-heavy baryons

For heavy baryons containing also anti-heavy quarks
we note that a rerun of the preceding arguments using
instead the reduction �M = �Me+imHx0 , amounts to
binding an anti-heavy-light meson to the bulk instanton
in the form of a zero-mode also in the fundamental rep-
resentation of spin. Most of the results are unchanged

Radial excitation  
of diquark soliton 
positive parity

Excitations into 5th dim 
diquark internal? 
negative parity 1157
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We consider aspects of dynamical baryons in a holographic dual of QCD that is formu-
lated on the basis of a D4/D8-brane configuration. We construct a soliton solution carrying a
unit baryon number and show that it is obtained as an instanton solution of four-dimensional
Yang-Mills theory with fixed size. The Chern-Simons term on the flavor D8-branes plays
a crucial role of protecting the instanton from collapsing to zero size. By quantizing the
collective coordinates of the soliton, we derive the baryon spectra. Negative-parity baryons
as well as baryons with higher spins and isospins can be obtained in a simple manner.

§1. Introduction

Since the discovery of the AdS/CFT correspondence1)–3) (For a review, see
Ref. 4).), it has been recognized that a gravity description is a promising frame-
work for understanding non-perturbative aspects of gauge theory. The application
of this idea to realistic models, like QCD, has attracted much attention. (See, for
example, Refs. 5)–9) for recent progress along this line.)

In Refs. 10) and 11), a holographic dual of QCD with Nf massless quarks is
constructed using a D4/D8-brane configuration in type IIA string theory. It has been
argued that the low energy phenomena of QCD, such as chiral symmetry breaking,
can be derived from this model. The key components of the D4/D8 model are the
G = U(Nf ) five-dimensional Yang-Mills (YM) and Chern-Simons (CS) theory on a
curved background, both of which originate from the low energy effective action on
the probe D8-branes embedded into the D4 background presented in Ref. 12). In
this model, the massless pion and an infinite tower of massive (axial-)vector mesons
are interpreted as Kaluza-Klein states associated with the fifth (or holographic)
direction, and the masses and couplings of the mesons are found to be in good
agreement with experiments. In addition to the mesonic states, dynamical baryons
are also studied in Ref. 10), where it is demonstrated that the baryon number can be
identified with the instanton number of the 5d YM, and hence it is concluded that
baryons can be described by a soliton with a non-trivial instanton number. (See also
Ref. 5).)
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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 )


