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Neutral X, Y, Z0 states
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Figure 1: Level diagram for the neutral cc̄ sector. Conventional, observed cc̄ states are solid (black) lines labeled by Greek letters, the lowest
predicted yet-unobserved conventional cc̄ states are labeled with dashed (blue) lines (the clusters indicating predictions of several variant model
calculations), and the solid (red) lines labeled by X, Y , or Z indicate exotic charmoniumlike candidates. Each measured state mass, including
its central value and uncertainty, is presented as a rectangle (lines simply indicating very thin rectangles). Relevant thresholds are given by
gray dashed lines; if a gray dotted line is nearby, it indicates the threshold isospin partner to the labeled dashed line. In some cases, likely
quantum numbers have been assigned to states for which some uncertainty remains; this is the case, for example, for the X(3940) and X(4160),
which have been studied as ⌘c(3S), ⌘c(4S) candidates. The actual known quantum numbers are listed in Table 2.
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LHCb found Pentaquarks
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Observation of J=ψp Resonances Consistent with Pentaquark States
in Λ0

b → J=ψK−p Decays

R. Aaij et al.*

(LHCb Collaboration)
(Received 13 July 2015; published 12 August 2015)

Observations of exotic structures in the J=ψp channel, which we refer to as charmonium-pentaquark
states, in Λ0

b → J=ψK−p decays are presented. The data sample corresponds to an integrated luminosity of
3 fb−1 acquired with the LHCb detector from 7 and 8 TeV pp collisions. An amplitude analysis of the
three-body final state reproduces the two-body mass and angular distributions. To obtain a satisfactory fit of
the structures seen in the J=ψp mass spectrum, it is necessary to include two Breit-Wigner amplitudes that
each describe a resonant state. The significance of each of these resonances is more than 9 standard
deviations. One has a mass of 4380! 8! 29 MeV and a width of 205! 18! 86 MeV, while the second
is narrower, with a mass of 4449.8! 1.7! 2.5 MeV and a width of 39! 5! 19 MeV. The preferred JP

assignments are of opposite parity, with one state having spin 3=2 and the other 5=2.

DOI: 10.1103/PhysRevLett.115.072001 PACS numbers: 14.40.Pq, 13.25.Gv

Introduction and summary.—The prospect of hadrons
with more than the minimal quark content (qq̄ or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2],
followed by a quantitative model for two quarks plus
two antiquarks developed by Jaffe in 1976 [3]. The idea
was expanded upon [4] to include baryons composed of
four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of penta-
quark states have been shown to be spurious [6], although
there is at least one viable tetraquark candidate, the
Zð4430Þþ observed in B̄0 → ψ 0K−πþ decays [7–9], imply-
ing that the existence of pentaquark baryon states would not
be surprising. States that decay into charmonium may have
particularly distinctive signatures [10].
Large yields of Λ0

b → J=ψK−p decays are available at
LHCb and have been used for the precise measurement of
the Λ0

b lifetime [11]. (In this Letter, mention of a particular
mode implies use of its charge conjugate as well.) This
decay can proceed by the diagram shown in Fig. 1(a), and is
expected to be dominated by Λ% → K−p resonances, as are
evident in our data shown in Fig. 2(a). It could also have
exotic contributions, as indicated by the diagram in
Fig. 1(b), which could result in resonant structures in
the J=ψp mass spectrum shown in Fig. 2(b).
In practice, resonances decaying strongly into J=ψp

must have a minimal quark content of cc̄uud, and thus are
charmonium pentaquarks; we label such states Pþ

c , irre-
spective of the internal binding mechanism. In order to

ascertain if the structures seen in Fig. 2(b) are resonant in
nature and not due to reflections generated by the Λ% states,
it is necessary to perform a full amplitude analysis,
allowing for interference effects between both decay
sequences.
The fit uses five decay angles and the K−p invariant

massmKp as independent variables. First, we tried to fit the
data with an amplitude model that contains 14 Λ% states
listed by the Particle Data Group [12]. As this did not give a
satisfactory description of the data, we added one Pþ

c state,
and when that was not sufficient we included a second
state. The two Pþ

c states are found to have masses of
4380! 8! 29 MeV and 4449.8! 1.7! 2.5 MeV, with
corresponding widths of 205! 18! 86 MeV and
39! 5! 19 MeV. (Natural units are used throughout this
Letter. Whenever two uncertainties are quoted, the first is
statistical and the second systematic.) The fractions of the
total sample due to the lower mass and higher mass states
are ð8.4! 0.7! 4.2Þ% and ð4.1! 0.5! 1.1Þ%, respec-
tively. The best fit solution has spin-parity JP values of
(3=2−, 5=2þ). Acceptable solutions are also found for
additional cases with opposite parity, either (3=2þ, 5=2−) or
(5=2þ, 3=2−). The best fit projections are shown in Fig. 3.
Both mKp and the peaking structure in mJ=ψp are repro-
duced by the fit. The significances of the lower mass and

(a) (b)

FIG. 1 (color online). Feynman diagrams for (a) Λ0
b → J=ψΛ%

and (b) Λ0
b → Pþ

c K− decay.

*Full author list given at end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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From exotics to conventional
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• Exotic phenomena appear exotic mostly because we do not know 
much about the QCD dynamics for hadrons. 

• There are many un-described phenomena especially in resonance 
region. 

• Perhaps we need to come back to the most conventional questions,  
 what are the essential mechanism (dynamics) for hadronic excitations 
•  Also better understanding for hadron structure is important for their 

interactions 

•  Charmed baryons may provide a basic features of three quark 
systems, λ and ρ motions.   

• Their identifications is useful to know the behavior of quarks 
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2. Charmed baryons
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We have to produce
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Production and decays
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Fixed target experiment at J-PARC

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

Exclusive reactions  
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Isotope-shift: Copley-Isgur-Karl, PRD20, 768 (1979)

Heavy quarks distinguish the internal modes  
λ and ρ

mQ = mu,d mQ →∞

ρ

λ

mQ ,mQ →∞
ρ
λ ρ

λ

ρ = λ
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These structures should be sensitive to reactions 

Ξ, Ξ*, … Λc, Σc, …N, Δ, …
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Wave functions ~ Harmonic oscillator
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Yoshida, Hiyama, Hosaka, Oka, Phys.Rev. D92 (2015) no.11, 114029 

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
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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 
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Strategy

12

• Decays (transitions) are sensitive to the structure 
• Calculate decay rates of various states 
• Compare with experimental data and identify the structure
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Decays —Pion emission—

Two-body decays 
and  

Three-body decays

On going, Nagahiro, Yasui, …, Arifi

Λ*
c

Λc

π π

} }two-body

three-body

Σc  Σ*
c

Nagahiro et al, arXiv:1609.01085 
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On going, Nagahiro, Yasui, …, Arifi

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-

Decays of charmed baryons through pion emission in the quark model
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2.  Decays —Pion emission—

Two-body decays

(1)

(2)

(3)
(1) 0hω → 0hω 
(2) 1hω → 0hω 
(3) 2hω → 0hω

Nagahiro et al, arXiv:1609.01085 
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Low lying decays with small pion momentum pπ (MeV)

Low energy pion dynamics works well
To compare with Δ → πN at pπ ~ 230 MeV

Λc(2595) 1/2–

Λc(2625) 3/2–

Σc(2455) 1/2+

Λc(2286) 1/2+

100 MeV
~ 0 MeV

~ 90 MeV

Σc(2520) 1/2+ : Closed

~ 180 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
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The present case is the latter, because the quarks are con-
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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-
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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
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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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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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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
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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
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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-
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baryon. This is also related to diquark properties in a
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have significantly smaller excitation energies than light
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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)

18

P-wave  (1/2–, 3/2–)  to ground state (1/2+)
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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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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) 3/2–
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(3) Transitions from higher states, 2hω → 0hω
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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-

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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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



Workshop@YITP  Molecular.  2016, Nov. 28 23

Three-body decay

Λc(2595) 1/2–
Λc(2625) 3/2–

Σc(2455) 1/2+

Λc(2286) 1/2+

Σc(2520) 1/2+ :

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

Closed
Open
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• 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, …?)

Λc(2595)

4

⇤+
c

(m3, ~p3)

⇤⇤+
c

(m
i

, 0)

⇡+(m1, ~p1)

⇡�(m2, ~p2)

FIG. 3. Initial particle rest frame is considered in which the
four momentum of the initial particle is P = (mi,0). We
define mass of ⇡+,⇡�, and ⇤+

c as m1,m2 and m3 respectively.

⇡+(~p 0
1)

⇤⇤+
c

( ~P
0
)

⇡�(~p 0
2)

⇤+
c

(~p 0
3)

FIG. 4. Resonance rest frame is defined as the rest frame of
subsystem of particle 2 and 3.

inside the possible kinematical region, namely Dalitz re-
gion. For convenience, we define invariant quantities:

s = P

2 = m

2

i

(26)

m

2

23

= (P � p

1

)2 = (p
2

+ p

3

)2 (27)

m

2

13

= (P � p

2

)2 = (p
1

+ p

3

)2 (28)

m

2

12

= (P � p

3

)2 = (p
1

+ p

3

)2 (29)

where m

23

shows the invariant mass of particle 2 and 3.
Similarly, m

13

and m

12

are defined as the invariant mass
of particle (1,3) and (1,2) respectively.

To begin with, we consider the initial particle rest
frame depicted in Fig 3. But, in calculating the three-
body decay width, it’s more convenient to utilize the res-
onance rest frame by boosting the system opposite to ~p

1

in such a way that the resonance is at rest. This new
frame is depicted in Fig 4. By choosing this frame, we
can write the kinematical variables in terms of invariant
mass m

23

.
The three-body decay width is given by

d� =
(2⇡)4

2m
i

|M|2d�
3

(P ; p
1

, p

2

, p

3

), (30)

where �
3

is an element of three-body phase space. We
can express the decay width in terms of invariant masses
m

2

12

and m

2

23

as

� =
1

(2⇡)3
1

32m3

i

Z
|M|2dm2

12

dm2

23

(31)

III. RESULTS AND DISCUSSIONS

A. Model Parameters

In current harmonic oscillator, there are three model
parameters; m the light quark mass, M the heavy quark
mass, and k the spring constant. The quark masses are
fixed to be

m = 350MeV, M = 1500MeV. (32)

We also adjust, k, the spring constant so that the range
parameters of the Gaussian wave functions are fixed to
be

a

�

= 400MeV, a

⇢

= 290MeV. (33)

It’s important to note that we employ the same value of
g

q

A

as our previous work [8] for practical calculation.

B. Decay of ⇤⇤+
c (2595)

The ⇤⇤+
c

(2595) baryon is the first excited state hav-
ing J

P = 1/2� and its full width is 2.6 ± 0.6 MeV. The
⇤⇤+
c

(2595) ! ⇤+

c

(2286)⇡+

⇡

� decay channel is the only
possible strong decay [14]. In principle, the ⇤⇤+

c

(2595)
can be excited either � or ⇢mode. But, due to a large dif-
ferent excitation energy between both modes, this state
is expected to be dominated by only one mode. We also
consider the diquark correlation in our calculation so the
⇢ mode has two more possibility having diquark spin ei-
ther j = 0 or j = 1. Detailed explanation of the con-
figuration that we are using here can be found in our
previous work [8].
The comparison between experimental data and cal-

culated decay width with possible modes is presented in
Table I. We found that the � mode assignment give the
consistent result with the experimental data. Meanwhile,
if ⇢ mode (j = 1) is assigned, the total decay width turn
out to be broader and overestimate the data significantly.
In contrast, ⇢ mode (j = 0) assignment is forbidden due
to the spin conservation of brown muck. This finding con-
firms the result from the two-body decay analysis [6, 8].

TABLE I. Calculated decay width of ⇤⇤+
c (2595) ! ⇤+

c ⇡⇡
with � and ⇢ mode assignment.

�-mode
⇢-mode

Exp.
j = 0 j = 1

⌃++
c ⇡� 0.161 - 0.680 0.624 (24%)

⌃0
c⇡

+ 0.248 - 1.075 0.624 (24%)
⌃+

c ⇡
0 1.628 - 6.891 -

Three-body 0.468 (18%)
⌃⇤++

c ⇡ 10�6 - 10�6 -
⌃⇤0

c ⇡ 10�6 - 10�6 -
⌃⇤+

c ⇡ 10�6 - 10�6 -
Interference 0.047 - 0.198 -
Total 2.084 - 8.844 2.6± 0.6

Two-body 
to open Σc

Three-body 
through  
closed Σc*
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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

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

Λc(2520)

5

FIG. 5. Dalitz plot of ⇤⇤+
c (2595) ! ⇤+

c ⇡
+⇡� where ⌃(⇤)0

c ⇡+

and ⌃(⇤)++
c ⇡� channel in intermediate state. ⇤⇤+

c (2595) is
assumed to be � mode.

FIG. 6. Dalitz plot of ⇤⇤+
c (2595) ! ⇤+

c ⇡
0⇡0 where ⌃(⇤)+

c ⇡0

channel in intermediate state. ⇤⇤+
c (2595) is assumed to be �

mode.

Isospin breaking e↵ect can be seen clearly in three-
body calculation. In Table I, we can notice that the ⌃+

c

⇡

0

channel contribution is larger than two other isospin
channels. This is simply because the ⌃++

c

⇡

� and ⌃0

c

⇡

+

channels are closed while the ⌃+

c

⇡

0 channel is open. This
e↵ects are depicted nicely in Fig 5 and 6 by plotting the
squared amplitude within Dalitz region. This result is
consistent with two-body analysis [8] and clearly opposed
to the isospin symmetry assumption made by PDG [14].

What we can see further in three-body calculation is
the contributions of ⌃⇤

c

(2520)⇡ channel that may be in-
volved in the process. For that purpose, we have consid-
ered sequential decays through ⌃

c

⇡ and ⌃⇤
c

⇡ channel in
our calculation. In Table I, it’s shown that the contri-
butions from the three-body process and interference are
very small for both modes. The three-body contribution
here is calculated from sequential decay through closed
channel ⌃⇤

c

⇡. This shortcoming is expected because the
available phase phase is too small compared to the mass
of ⌃⇤

c

(2520). Therefore, the tail e↵ect from the ⌃⇤
c

⇡ chan-
nel is tiny. Meanwhile, for the case of ⇤⇤+

c

(2625), the

available phase space is quite larger and therefore we ex-
pect that the three-body contribution from ⌃⇤

c

⇡ channel
is much larger. We discuss it in detail in the next section.
Due to the shortcoming of three-body contribution, it

indicates that there must be another process involved in
this decay to explain the experimental data. One of our
expectation is that direct three-body process would give
a considerable contribution for ⇤⇤+

c

(2595). In addition,
we have also calculated the contribution from the inter-
ference between ⌃++

c

⇡

�, ⌃0

c

⇡

+ channel and correspond-
ing ⌃⇤

c

channel in the ⇤+

c

⇡

+

⇡

� decay mode. In Table I,
we found that the interference contribution is relatively
small as expected by looking at the Fig 5 which the over-
lapping region between two peaks is small.

C. Decay of ⇤⇤+
c (2625)

The ⇤⇤+
c

(2625) baryon is the excited state having
J

P = 3/2�. Its full width is given as �
exp

< 0.97
MeV. the ⇤⇤+

c

(2625) ! ⇤+

c

(2286)⇡+

⇡

� decay channel
is the only possible strong decay [14]. Di↵erent from
the previous case, we can’t resolve the excitation mode
of ⇤⇤+

c

(2625) by only looking at the two-body process
with available experimental data [8]. Because of that,
we expect that three-body process becomes important to
determine whether ⇤⇤+

c

(2625) is dominated by either �-
mode or ⇢-mode. ⇤⇤+

c

(2595) has a larger available phase
space compared to the ⇤⇤+

c

(2595), but according to the
PDG, the two-body process contribution is smaller while
the three-body process contribution is quite large. Thus,
the full description of three-body process is particularly
of interest.

We compare the decay width calculated from di↵er-
ent mode assignments with the experimental data as in
Table II. Firstly, our results are consistent with two-
body analysis in our previous work [8] by which we can
not disentangle which mode is dominant for ⇤⇤+

c

(2625).
Hence, by looking at thoroughly the three-body contri-
butions may resolve the problem where di↵erent modes
give di↵erent strength of coupling to ⌃⇤

c

⇡ closed channel.

TABLE II. Calculated decay width of ⇤⇤+
c (2625) ! ⇤+

c ⇡⇡
with di↵erent assignments.

�-mode
⇢-mode

Exp.
j = 1 j = 2

⌃++
c ⇡� 0.036 0.018 0.033 <0.05 (<5%)

⌃0
c⇡

+ 0.032 0.016 0.030 <0.05 (<5%)
⌃+

c ⇡
0 0.053 0.027 0.049 -

Three-body (large)
⌃⇤++

c ⇡� 0.044 0.189 0 -
⌃⇤0

c ⇡+ 0.064 0.285 0 -
⌃⇤+

c ⇡0 0.071 0.339 0 -
Interference 0.034 0.148 10�4 -
Total 0.334 1.022 0.112 < 0.97

Three-body 
through  
closed Σc*

Two-body 
to open Σc
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Summary

•  There are X, Y, Z, Pc states are observed 
        Their properties have brought us many questions about hadron 
        interactions.   

• Charmed baryons may provide a simple system of (di)quark dynamics  
         Separation of the λρ mode is important 
         Decay rates of low lying states seem consistent with quark model 
                 supplemented by chiral symmetry 

• More on the quark correlations will be studied


