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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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Charged Z states
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Figure 2: Charged charmoniumlike states, both bosonic and fermionic. Each measured state mass, including its central value and uncertainty,
is presented as a rectangle. 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.
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Properties of X(3872)
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1.  X(3872) exists 
2.  The mass is close to the threshold 
3.  The decay with is small = long life time 
4.  No isospin partner 
5.  Isospin is broken 
6.  Spin and parity 1++ 

7.  The large decay rate into DD* 
8.  A large production rate in the prompt reactions

Dominated by DD* molecule but with a small fraction of cc
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2.  The mass is close to the threshold 
3.  The decay with is small = long life time 
4.  No isospin partner 
5.  Isospin is broken
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in Sect. 3.4.1. Other applications of the lattice method to other X, Y, Z states will be mentioned in
Sect. 3.4.3.1.

3.4. Examples
In this subsection, we discuss X (3872) and Zb(10610)+, Zb(10650)+ as typical examples of
hadronic molecules to apply the idea explained in Sect. 3.3.3. For X (3872), we also consider an
admixture of the c̄c component. After concrete and detailed discussions for these states, we briefly
summarize various interpretations for other states discussed in this article: Y (4260), Zc(4430)+, and
Zc(3900)+. Some remarks on possible dynamical treatment are also addressed.

3.4.1. X (3872)

As discussed in Sect. 2.3, observation of the X (3872) triggered the present activities for exotic
hadrons. Thus this state has been studied most extensively both experimentally and theoretically.
Although the spin and parity of X (3872) have been by now confirmed to be J PC = 1++, which can
be accessible by a 3 P1 state of c̄c, its properties are not explained by a simple c̄c configuration.

As compared to the other states of the same L S multiplets 3 PJ (n = 2), the mass of X (3872) is
significantly lighter than what is predicted as the charmonium. Its mass is located very close to the
threshold of the masses of D and D̄∗,

M(X (3872)) = 3871.69 MeV,

M
(

D0 + D∗0
)

= 1864.84 + 2006.96 = 3871.80 MeV,

M
(
D± + D∗∓

)
= 1869.61 + 2010.29 = 3879.87 MeV.

(62)

Most notably, the decay rate of [77]

Br(X (3872)→ J/ψ + 3π(ω))

Br(X (3872)→ J/ψ + 2π(ρ))
≃ 1 (63)

cannot be explained by the isosinglet charmonium unless there is a mechanism of large isospin vio-
lation. If we look at the mass values in Eq. (62), we immediately realize the very special situation
where the scale of the isospin violation (mass difference in neutral and charged modes) is significantly
larger than the location of X (3872) from the D0 D̄∗0 threshold.

These observations have naturally led to the idea of a hadronic molecule picture of D0 D̄∗0–
D±D∗∓. In the threshold region where a new channel opens, the new degrees of freedom in the
channel will dominate the dynamics of the system. If there is a suitable interaction they may form a
bound or resonant state near the threshold which may have a very different character from what is
expected for the ordinary states located far from the threshold. The so-called threshold phenomena
have been known for a long time—in nuclear physics, for instance, where alpha-clusters may play
the role of effective degrees of freedom rather than the nucleons. A well-known example is the Hoyle
state of 12C , which can be explained by a three-alpha structure of small binding rather than a single
particle excitation of nucleons [190,191].

To illustrate the molecular picture for X (3872) with a large isospin violation, let us start with a
two-channel model of D0 D̄∗0 and D± D̄∗∓. The model Hamiltonian is given by

H =
(

B1 V12

V21 B2

)

, (64)
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 Decay Rate of X(3872)
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B+ → X(3872)K+ X(3872) → J/ψπ+π− J/ψ →
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Γ5 D0D⎯ ⎯⎯⎯ 0
π0 > 32%

Γ6 D⎯ ⎯⎯⎯ ∗0
D0 > 24%

Γ7 γγ
Γ8 D0D⎯ ⎯⎯⎯ 0

Γ9 D+D−

Γ10 γχc1
Γ11 γχc2
Γ12 γJ/ψ > 6 × 10−3

Γ13 γψ(2S) > 3.0%
Γ14 (1S)π+π−ηc
Γ15 pp⎯ ⎯⎯

C



Seminar@YITP Molecule.  2016, Nov. 22

Since different partonic cuts do not affect the distribution
we get, we choose to analyze data with pTðpartÞ>2.0GeV,
to stay in a safer region. We consider now different values
of kmax

0 : 80 MeV (as suggested in [8,25]), 110 MeV (as
suggested in [5]), and 300 MeV [as suggested in [5] for
the Xð3872Þ]. We report the results in Table VI. We see that
the number of deuteron candidates scales with ðkmax

0 Þ3 as
expected. However, the shape of the pT distributions is
totally uncorrelated with kmax

0 , so that the arbitrariness
of kmax

0 is to some extent reabsorbed into the normaliza-
tion factor. Hence, we can choose large values for k0
(300–450 MeV) to improve statistics without affecting the
pT distribution.
With this tuning, we can study the MC distribution in the

high pT region. We see that we are about three orders of
magnitudes below the experimental cross section of the
Xð3872Þ measured by CMS [26]. In these respects we are
assuming that the Xð3872Þ is a kind of mesonic deuterium
and that spin-interactions play little role. Anyway there is a
qualitative trend, as can be appreciated in Fig. 6, that is
quite suggestive. As a caveat, consider that the extrapola-
tion in pT we are doing here is very broad, that MC
predictions at such small pT values are affected by large
uncertainties, and that ALICE data are still preliminary and
not efficiency corrected. Anyway, more data from ALICE
in the intermediate region, say up to 3 to 5 GeV, could
improve the reliability of this extrapolation.

To further investigate this matter we relate the predicted
production cross sections for the Xð3872Þ and antideuteron
through their ratio in the (perturbative) pT range where the
Xð3872Þ is observed at CMS. The Monte Carlo prediction
is shown in Fig. 7, where both the HERWIG and PYTHIA
results are shown (left and right panel of Fig. 7, respec-
tively). The distribution of Xð3872Þ is normalized accord-
ing to data. No data are available for antideuteron in this
range, so no direct comparison is possible. We find that, at
pT ∼ 5 GeV, the antideuteron curve in Fig. 7 is two orders
of magnitude larger than the one in Fig. 6. Furthermore,
even without trusting the large extrapolation of Fig. 6, the
Xð3872Þ production cross section in the large pT region
appears to be limited by the antideuteron production cross
section, Of course also this prediction could be affected by
large uncertainties in the Monte Carlo modelling of
antiproton and antineutron production with respect to
charmed meson pairs (the difference between HERWIG
and PYHTIA curves gives a first estimate of these
uncertainties). For this reason we remark the importance
of a measurement of antideuteron production in the pT
range of the Xð3872Þ, in order to fix the ambiguities of the
Monte Carlo predictions. Should be confirmed the picture
of a much lower antideuteron production w.r.t Xð3872Þ, it
would challenge the hypothesis for this two states to share
the same nature.
The qualitative conclusion we might draw by the present

analysis is that there is indeed a production rate of
antideuteron, a “loosely" bound baryon molecule, but only
within a low transverse momentum region: if we extend the
search at higher transverse momenta, where the single
components are allowed to recoil harder from each other,
we will find much less antideuteron. Indeed, to make an
example, if p1 and p2 are the three-momenta of p̄ and n̄ and
we assume for simplicity that jp1j ≈ jp2j, φ being the angle
between them, the relative momentum in the lab is

TABLE VI. Details of MC simulations as a function of kmax
0 .

We generate 109 full QCD events with HERWIG.

kmax
0 (MeV) Number of antideuteron candidates

80 454 k
110 1.2 M
300 22.5 M
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FIG. 6 (color online). Antideuteron events produced in pp according to 109 HERWIG events. We confront with ALICE deuteron
production data (red circles) [23], and with CMS Xð3872Þ data (green squares) [26]. The blue solid line is the MC prediction in the
jηj < 0.9 region, as in ALICE data, which we use for the normalization. The green line (a bit higher in the right panel) corresponds to the
jyj < 1.2 region, as in CMS data, and is normalized accordingly.

GUERRIERI et al. PHYSICAL REVIEW D 90, 034003 (2014)

034003-6

Phys.Rev.D90(2014)034003.arXiv:1405.7929 A.Guerrieri,F.Piccinini,A.Pilloni,A.Polosa 

Prompt reactions in comparison with the deuteron
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simulation
simulation

Data for X
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What is X(3872)
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Z(3900)

Z(4430)

X(3872)

? ?

•  It is mostly a DD* molecular like state just at the threshold. 
•  It also contains a cc components 
To be solved: 
•  What is the size of the X 
•  Interaction between D and D* 
•  Identification of χCJ(2s)
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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.
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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.
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describing the decay dynamics. Here ✓
A

and �
B

are the polar and azimuthal angles of B
in the rest frame of A (✓

A

is known as the “helicity angle” of A). The three arguments of
Wigner’s D-matrix are Euler angles describing the rotation of the initial coordinate system
with the z-axis along the helicity axis of A to the coordinate system with the z-axis along
the helicity axis of B [11]. We choose the convention in which the third Euler angle is
zero. In Eq. (1), dJA

�A,�B��C (✓A) is the Wigner small-d matrix. If A has a non-negligible
natural width, the invariant mass distribution of the B and C daughters is described by
the complex function R

A

(m
BC

) discussed below, otherwise R

A

(m
BC

) = 1.
Using Clebsch-Gordan coe�cients, we express the helicity couplings in terms of LS

couplings (B
L,S

), where L is the orbital angular momentum in the decay, and S is the
total spin of A plus B:

HA!BC

�B ,�C
=

X

L

X

S

q
2L+1
2JA+1BL,S

✓
J

B

J

C

S

�

B

��
C

�

B

� �

C

◆
⇥
✓

L S J

A

0 �

B

� �

C

�

B

� �

C

◆
,

(2)
where the expressions in parentheses are the standard Wigner 3j-symbols. For strong decays,
possible L values are constrained by the conservation of parity (P ): P

A

= P

B

P

C

(�1)L.
Denoting J/ as  , the matrix element for the ⇤0

b

! J/ ⇤

⇤ decay sequence is

M⇤

⇤

�⇤0
b
,�p,��µ ⌘

X

n

X

�⇤⇤

X

� 

H⇤

0
b!⇤

⇤
n 

�⇤⇤ ,� 
D

1
2
�⇤0

b
,�⇤⇤�� (0, ✓⇤0

b
, 0)⇤

H⇤

⇤
n!Kp

�p, 0
D

J⇤⇤
n

�⇤⇤ ,�p
(�

K

, ✓

⇤

⇤
, 0)⇤R

⇤

⇤
n
(m

Kp

)D 1
� ,��µ

(�
µ

, ✓

 

, 0)⇤, (3)

where the x-axis, in the coordinates describing the ⇤0
b

decay, is chosen to fix �
⇤

⇤ = 0. The

5

Pc(4380)

Pc(4450)

Λb J /ψ , p, K −

This provides pseudo J/ψ-p scattering
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The interaction between various charmed mesons and charmed baryons is studied within the framework

of the coupled-channel unitary approach with the local hidden gauge formalism. Several meson-baryon

dynamically generated narrow N! and !! resonances with hidden charm are predicted with mass above

4 GeV and width smaller than 100 MeV. The predicted new resonances definitely cannot be accom-

modated by quark models with three constituent quarks and can be looked for in the forthcoming PANDA/

FAIR experiments.

DOI: 10.1103/PhysRevLett.105.232001 PACS numbers: 14.20.Gk, 13.30.Eg, 13.75.Jz

Up to now, all established baryons can be ascribed into
3-quark (qqq) configurations [1], although some of them
were suggested to be meson-baryon dynamically generated
states [2–8] or states with large (qqqq "q) components
[9–11]. A difficulty to pin down the nature of these
baryon resonances is that the predicted states from various
models are around the same energy region and there are
always some adjustable ingredients in each model to fit
the experimental data. In this Letter, we report a study
of the interactions between various charmed mesons and
charmed baryons within the framework of the coupled-
channel unitary approach with the local hidden gauge
formalism. Several meson-baryon dynamically generated
narrow N! and !! resonances with hidden charm are
predicted with mass above 4 GeV and width smaller than
100 MeV. The predicted new resonances can be looked
for in the forthcoming PANDA/FAIR experiments [12]. If
confirmed, they definitely cannot be accommodated by
quark models with three constituent quarks.

We follow the recent approach of Ref. [13] and extend it
from three flavors to four. We consider the PB ! PB and
VB ! VB interaction by exchanging a vector meson, as
shown by the Feynman diagrams in Fig. 1.

The effective Lagrangians for the interactions involved
are [13]

LVVV ¼ ighV!½V"; @!V"$i;
LPPV ¼ %ighV!½P; @!P$i;
LBBV ¼ gðh "B#!½V!; B$iþ h "B#!BihV!iÞ; (1)

where P and V stand for pseudoscalar and vector mesons
of the 16-plet of SU(4), respectively. Under the low energy
approximation, the three-momentum versus the mass of
the meson can be neglected. We can just take the #0

component of Eq. (1). The three-momentum and energy
of the exchanged vector are both much smaller than its
mass, so its propagator is approximately g!"=M2

V . Then

with g ¼ MV=2f the transition potential corresponding to
the diagrams of Fig. 1 is given by [13]

VabðP1B1!P2B2Þ ¼
Cab

4f2
ðEP1

þ EP2
Þ; (2)

VabðV1B1!V2B2Þ ¼
Cab

4f2
ðEV1

þ EV2
Þ ~$1 ) ~$2; (3)

where a, b stand for different channels of P1ðV1ÞB1 and
P2ðV2ÞB2, respectively. The variable E is the energy of the
corresponding particle. The ~$ is the polarization vector
of the initial or final vector. The Cab coefficients can be
obtained by the SU(4) Clebsch-Gordan coefficients which
we take from Ref. [14]. We list the values of the Cab

coefficients for PB ! PB with isospin and strangeness
ðI; SÞ ¼ ð1=2; 0Þ and ð0;%1Þ explicitly in Table I.
With the transition potential, the coupled-channel

scattering matrix can be obtained by solving the coupled-
channel Bethe-Salpeter equation in the on-shell factoriza-
tion approach of Refs. [3,5]

T ¼ ½1% VG$%1V; (4)

with G being the loop function of a meson (P), or a
vector (V), and a baryon (B). The ~$1 ) ~$2 factor of Eq. (3)
factorizes out also in T. The poles in the T matrix are

FIG. 1. Feynman diagrams of pseudoscalar-baryon (a) or
vector-baryon (b) interaction via exchange of a vector meson.
P1, P2 is D

%, "D0, or D%
s , V1, V2 is D

!%, "D!0, or D!%
s , B1, B2 is

#c, !
þ
c , $c, $

0
c, or %c, and V! is %, K!, &, or !.
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Up to now, all established baryons can be ascribed into
3-quark (qqq) configurations [1], although some of them
were suggested to be meson-baryon dynamically generated
states [2–8] or states with large (qqqq "q) components
[9–11]. A difficulty to pin down the nature of these
baryon resonances is that the predicted states from various
models are around the same energy region and there are
always some adjustable ingredients in each model to fit
the experimental data. In this Letter, we report a study
of the interactions between various charmed mesons and
charmed baryons within the framework of the coupled-
channel unitary approach with the local hidden gauge
formalism. Several meson-baryon dynamically generated
narrow N! and !! resonances with hidden charm are
predicted with mass above 4 GeV and width smaller than
100 MeV. The predicted new resonances can be looked
for in the forthcoming PANDA/FAIR experiments [12]. If
confirmed, they definitely cannot be accommodated by
quark models with three constituent quarks.

We follow the recent approach of Ref. [13] and extend it
from three flavors to four. We consider the PB ! PB and
VB ! VB interaction by exchanging a vector meson, as
shown by the Feynman diagrams in Fig. 1.

The effective Lagrangians for the interactions involved
are [13]

LVVV ¼ ighV!½V"; @!V"$i;
LPPV ¼ %ighV!½P; @!P$i;
LBBV ¼ gðh "B#!½V!; B$iþ h "B#!BihV!iÞ; (1)

where P and V stand for pseudoscalar and vector mesons
of the 16-plet of SU(4), respectively. Under the low energy
approximation, the three-momentum versus the mass of
the meson can be neglected. We can just take the #0

component of Eq. (1). The three-momentum and energy
of the exchanged vector are both much smaller than its
mass, so its propagator is approximately g!"=M2

V . Then

with g ¼ MV=2f the transition potential corresponding to
the diagrams of Fig. 1 is given by [13]

VabðP1B1!P2B2Þ ¼
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Þ; (2)
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Þ ~$1 ) ~$2; (3)

where a, b stand for different channels of P1ðV1ÞB1 and
P2ðV2ÞB2, respectively. The variable E is the energy of the
corresponding particle. The ~$ is the polarization vector
of the initial or final vector. The Cab coefficients can be
obtained by the SU(4) Clebsch-Gordan coefficients which
we take from Ref. [14]. We list the values of the Cab

coefficients for PB ! PB with isospin and strangeness
ðI; SÞ ¼ ð1=2; 0Þ and ð0;%1Þ explicitly in Table I.
With the transition potential, the coupled-channel

scattering matrix can be obtained by solving the coupled-
channel Bethe-Salpeter equation in the on-shell factoriza-
tion approach of Refs. [3,5]

T ¼ ½1% VG$%1V; (4)

with G being the loop function of a meson (P), or a
vector (V), and a baryon (B). The ~$1 ) ~$2 factor of Eq. (3)
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Up to now, all established baryons can be ascribed into
3-quark (qqq) configurations [1], although some of them
were suggested to be meson-baryon dynamically generated
states [2–8] or states with large (qqqq "q) components
[9–11]. A difficulty to pin down the nature of these
baryon resonances is that the predicted states from various
models are around the same energy region and there are
always some adjustable ingredients in each model to fit
the experimental data. In this Letter, we report a study
of the interactions between various charmed mesons and
charmed baryons within the framework of the coupled-
channel unitary approach with the local hidden gauge
formalism. Several meson-baryon dynamically generated
narrow N! and !! resonances with hidden charm are
predicted with mass above 4 GeV and width smaller than
100 MeV. The predicted new resonances can be looked
for in the forthcoming PANDA/FAIR experiments [12]. If
confirmed, they definitely cannot be accommodated by
quark models with three constituent quarks.

We follow the recent approach of Ref. [13] and extend it
from three flavors to four. We consider the PB ! PB and
VB ! VB interaction by exchanging a vector meson, as
shown by the Feynman diagrams in Fig. 1.

The effective Lagrangians for the interactions involved
are [13]

LVVV ¼ ighV!½V"; @!V"$i;
LPPV ¼ %ighV!½P; @!P$i;
LBBV ¼ gðh "B#!½V!; B$iþ h "B#!BihV!iÞ; (1)

where P and V stand for pseudoscalar and vector mesons
of the 16-plet of SU(4), respectively. Under the low energy
approximation, the three-momentum versus the mass of
the meson can be neglected. We can just take the #0

component of Eq. (1). The three-momentum and energy
of the exchanged vector are both much smaller than its
mass, so its propagator is approximately g!"=M2

V . Then

with g ¼ MV=2f the transition potential corresponding to
the diagrams of Fig. 1 is given by [13]
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Þ; (2)
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where a, b stand for different channels of P1ðV1ÞB1 and
P2ðV2ÞB2, respectively. The variable E is the energy of the
corresponding particle. The ~$ is the polarization vector
of the initial or final vector. The Cab coefficients can be
obtained by the SU(4) Clebsch-Gordan coefficients which
we take from Ref. [14]. We list the values of the Cab

coefficients for PB ! PB with isospin and strangeness
ðI; SÞ ¼ ð1=2; 0Þ and ð0;%1Þ explicitly in Table I.
With the transition potential, the coupled-channel

scattering matrix can be obtained by solving the coupled-
channel Bethe-Salpeter equation in the on-shell factoriza-
tion approach of Refs. [3,5]
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looked for in the complex plane of
ffiffiffi
s

p
. Those appearing in

the first Riemann sheet below threshold are considered as
bound states whereas those located in the second Riemann
sheet and above the threshold of some channel are identi-
fied as resonances.

For the G loop function, there are usually two ways to
regularize it. In the dimensional regularization scheme one
has [5,13]

G¼ i2MB

Z d4q

ð2!Þ4
1

ðP$qÞ2 $M2
B þ i"

1

q2 $M2
P þ i"

¼ 2MB

16!2

"
a" þ ln

M2
B

"2 þ
M2

P $M2
B þ s

2s
ln
M2

P

M2
B

þ !qffiffiffi
s

p

&½lnðs$ðM2
B $M2

PÞþ 2 !q
ffiffiffi
s

p Þþ lnðsþðM2
B $M2

PÞ
þ 2 !q

ffiffiffi
s

p Þ$ lnð$ s$ðM2
B $M2

PÞþ 2 !q
ffiffiffi
s

p Þ

$ lnð$ sþðM2
B $M2

PÞþ 2 !q
ffiffiffi
s

p Þ(
#
; (5)

where q is the four-momentum of the meson, P the total
momentum of the meson and the baryon, s ¼ P2, and !q
denotes the three-momentum of the meson or baryon in
the center of mass frame." is a regularization scale, which
we take to be 1000 MeV here. Changes in the scale are
reabsorbed in the subtraction constant a" to make results
scale independent. The second way for regularization is by
putting a cutoff in the three-momentum. The formula is [3]

G ¼
Z "

0

!q2d !q

4!2

2MBð!P þ!BÞ
!P!Bðs$ ð!P þ!BÞ2 þ i#Þ ; (6)

where !P ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!q2 þM2

P

q
, !B ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!q2 þM2

B

q
, and " is the

cutoff parameter in the three-momentum of the function
loop. For these two types ofG function, the free parameters
are a" in Eq. (5) and " in Eq. (6). We choose a" or " so
that the shapes of these two functions are almost the same
close to threshold and they take the same value at thresh-
old. This limits the a" to be around $2:3 with the corre-
sponding " around 0.8 GeV, values which are within the
natural range for effective theories [5]. Since varying theG
function in a reasonable range does not influence our
conclusion qualitatively, we present our numerical results

in the dimensional regularization scheme with a" ¼ $2:3
in this Letter.
From the T matrix for the PB ! PB and VB ! VB

coupled-channel systems, we can find the pole positions
zR. Six poles are found in the real axes below threshold,
and therefore they are bound states. For these cases the
coupling constants are obtained from the amplitudes in the
real axis. These amplitudes behave close to the pole as

Tab ¼
gagbffiffiffi
s

p $ zR
: (7)

We can use the residue of Taa to determine the value of ga,
except for a global phase. Then, the other couplings are
derived from

gb ¼ limffiffi
s

p !zR

$
gaTab

Taa

%
: (8)

The obtained pole positions zR and coupling constants g$
are listed in Tables II and III. Among six states, four of
them couple only to one channel while two states couple to
two channels. As all the states that we find have zero width,
we should take into account some decay mechanisms.
Thus, we consider the decay of the states to a light baryon
plus either a light meson or a charmonium through heavy
charmed meson exchanges by means of box diagrams as it
was done in [15,16]. Coupling to these additional channels
with thresholds lower than the masses of previously ob-
tained bound states provides decay widths to these states
and modifies the masses of these states only slightly. The
results are given in Tables IVand V. We do not consider the

TABLE II. Pole positions zR and coupling constants ga for the
states from PB ! PB.

ðI; SÞ zR (MeV) ga

ð1=2; 0Þ !D#c
!D"þ

c

4269 2.85 0
ð0;$1Þ !Ds"

þ
c

!D$c
!D$0

c

4213 1.37 3.25 0
4403 0 0 2.64

TABLE I. Coefficients Cab in Eq. (2) for ðI; SÞ ¼ ð1=2; 0Þ and ðI; SÞ ¼ ð0;$1Þ.
!D#c
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c %cN !N %N %0N K# K"
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1=2 1 0
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232001-2 transitions between VB and PB states because in our
t-channel vector meson exchange model they involve an
anomalous VVP vertex which is found to be very small
[15]. The transitions between VB and PB states through
t-channel pseudoscalar meson exchanges are also found to
be very small. As an example, we estimate the partial decay
width of our !D"c molecular state N!þ

c !c ð4265Þ to the J=cp
final state through the t-channel pseudoscalar D0 meson
exchange as shown by Fig. 2. Following a similar approach
as in Ref. [17], the partial decay width is about 0.01 MeV,
which is 3 orders of magnitude smaller than the corre-
sponding decay to !cp of 23.4 MeV.

It is very interesting that the six N! and #! states are all
above 4200 MeV, but with quite small decay widths even
after taking into account a possible uncertainty of a factor
up to about 2 due to model dependence from our empirical
experience. In principle, one might think that the width of
these massive objects should be large because there are
many channels open and there is much phase space for
decay. However, because of the hidden c !c components
involved in these states, all decays within our model are
tied to the necessity of the exchange of a heavy charmed
vector meson and hence are suppressed. If these predicted
narrow N! and #! resonances with hidden charm are
found, they definitely cannot be accommodated by quark
models with three constituent quarks.

In order to look for these predicted new N! and #!

states, we estimate the production cross section of these
resonances at FAIR. With a !p beam of 15 GeV=c one hasffiffiffi
s

p ¼ 5470 MeV, which allows one to observe N! reso-
nances in !pX production up to a massMX ’ 4538 MeV or
Y! hyperon resonances in !#Y production up to a mass
MY ’ 4355 MeV. We take N!þ

c !c ð4265Þ as an example. Its
largest decay channel is !cp. Following the approach as
in Ref. [18], we calculate its contribution to p !p ! p !p!c

through processes p !p ! N!þ
c !c !p mediated by " exchange

followed by decay of N!þ
c !c to !cp, and the analogous one

exciting !N!þ
c !c , plus those from the conventional mechanism

where instead of the intermediate N!þ
c !c we simply have

a proton. For the conventional mechanism, the pp!c

coupling is determined from the partial decay width of
!c ! p !p [1]. For the new mechanism with the
N!þ

c !c ð4265Þ, its couplings to !cp and "p are determined
from its corresponding partial decay widths listed in
Table IV. It is found that, while the conventional mecha-
nism gives a cross section about 0.1 nb, the new mecha-
nism with the N!þ

c !c ð4265Þ results in a cross section about
0:1 #b, about 3 orders of magnitude larger. With the
designed luminosity of about 1031 cm&2 s&1 for the !p
beam at FAIR [12], this corresponds to an event production
rate of more than 80 000 per day. With branching ratios
for !c ! K !K", !"", KþK&"þ"&, 2"þ2"& of a few
percent for each channel, the N!þ

c !c ð4265Þ should be able to
be observed from the !cp and !c !p invariant mass spectra
for the p !p ! p !p!c reaction by the designed PANDA
detector [12]. The N!þ

c !c ð4265Þ should also be easily ob-
served in the p !p ! p !pJ=c reaction with clean J=c signal
from its large decay ratio to eþe& and #þ#& although the
production rate is about 3 orders of magnitude smaller
than the p !p ! p !p!c process.
The !D!"c molecular state N!ð4415Þ has a large decay

branching ratio to J=cp. Its contribution to the p !p !
p !pJ=c reaction is estimated to be around 2 nb, about
1 order of magnitude larger than the contribution from
the N!þ

c !c ð4265Þ, and hence should be observed more clearly
in this reaction. Similarly, the predicted D&

s #
þ
c - !D$c

coupled-channel bound state #!
c !cð4210Þ states could be

clearly observed in the p !p ! # !#!c reaction at FAIR.
The other three predicted #!

c !c resonances have too high
masses to be produced at FAIR, but may be studied in
some future facilities with higher !p beam energies by the

p !p ! # !#!c or p !p ! # !#J=c reactions. This is an ad-
vantage for their experimental searches, compared with
those baryons with hidden charms below the !cN thresh-
old proposed by other approaches [19].
In summary, we find two N!

c !c states and four #!
c !c states

from PB and VB channels. All of these states have large c !c
components, so their masses are all larger than 4200 MeV.
The widths of these states decaying to light meson and
baryon channels without c !c components are all very small.

TABLE IV. Mass (M), total width (%), and the partial decay
width (%i) for the states from PB ! PB, with units in MeV.

ðI; SÞ M % %i

ð1=2; 0Þ "N !N !0N K" !cN

4261 56.9 3.8 8.1 3.9 17.0 23.4

ð0;&1Þ !KN "" !# !0# K$ !c#

4209 32.4 15.8 2.9 3.2 1.7 2.4 5.8
4394 43.3 0 10.6 7.1 3.3 5.8 16.3

TABLE III. Pole position and coupling constants for the bound
states from VB ! VB.

ðI; SÞ zR (MeV) ga

ð1=2; 0Þ !D!"c
!D!#þ

c

4418 2.75 0
ð0;&1Þ !D!

s#
þ
c

!D!$c
!D!$0

c

4370 1.23 3.14 0
4550 0 0 2.53

TABLE V. Mass (M), total width (%), and the partial decay
width (%i) for the states from VB ! VB with units in MeV.

ðI; SÞ M % %i

ð1=2; 0Þ $N !N K!" J=cN

4412 47.3 3.2 10.4 13.7 19.2
ð0;&1Þ !K!N $" !# %# K!$ J=c#

4368 28.0 13.9 3.1 0.3 4.0 1.8 5.4
4544 36.6 0 8.8 9.1 0 5.0 13.8

PRL 105, 232001 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

3 DECEMBER 2010
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Executive summary

The prospect of hadrons with more than the minimal quark content (qq or qqq) was
proposed by Gell-Mann in 1964 [1], followed by a quantitative model for two quarks plus
two antiquarks developed by Ja↵e in 1976 [2]. The idea was expanded upon by Strottman
in 1979 [3] to include baryons composed of four quarks plus one antiquark; the name
pentaquark was coined by Lipkin [4]. Past claimed observations of pentaquark states have
been shown to be spurious [5], although there is at least one viable tetraquark candidate,
the Z(4430)+ that has been observed in B

0 !  

0
K

�
⇡

+ decays [6–8], implying that the
existence of pentaquark baryon states would not be surprising. States that decay into
charmonium may have particularly distinctive signatures [9].

Large yields of ⇤0
b

! J/ K

�
p decays are available at LHCb and have been used for

the precise measurement of the ⇤0
b

lifetime [10]. (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 ⇤⇤ ! 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), that could result in resonant structures in the J/ p mass
spectrum shown in Fig. 2(b).

Figure 1: Feynman diagrams for (a) ⇤0
b

! J/ ⇤

⇤ and (b) ⇤0
b

! P

+
c

K

� decay.
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Figure 2: Invariant mass of (a) K

�
p and (b) J/ p combinations from ⇤

0
b

! J/ K

�
p decays.

The solid (red) curve is the expectation from phase space. The background has been subtracted.
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From heavy to light channels
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•  There is a structure at 4450 MeV decaying into p J/ψ 
• There was a prediction as molecular of Σc+D* 
•  Very neat the threshold of  χc1(3510) + p(940) 
•  Resonance or cusp?
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From exotics to conventional

17

• 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 
• Keywords: 
• Correlations, thresholds, coupled channels, … 
• Heavy baryon systems may provide opportunities for the study of 

some simple aspects of them. 
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Charmed baryons
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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)
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[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

17

113

n = 0

n = 1

n = 2 n = 2

Quark model states
Λ-states 
qq is made isosinglet
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Masses

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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Decays —Pion emission—

Two-body decays 
and  

Three-body decays

On going, Nagahiro, Yasui, …, Arifi
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c
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π π

} }two-body

three-body
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c

Nagahiro et al, arXiv:1609.01085 
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Decays of charmed baryons through pion emission in the quark model
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We investigate the decays of the charmed baryons aiming at the systematic understanding of
hadron structures. We evaluate the decay widths from the one pion emission in the non-relativistic
quark model for the excited states, Λ∗

c(2595), Λ
∗
c(2625), Λ

∗
c(2765), Λ

∗
c(2880) and Λ∗

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

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

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

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

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

c baryons.

I. INTRODUCTION

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

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

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

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

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

Heavy baryons can decay also by emitting a heavy
meson if its excitation energy is sufficiently high. This,
however, is a subject of the future study, and in this pa-
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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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Nagahiro et al, arXiv:1609.01085 
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Λc(2595) 1/2–

Λc(2625) 3/2–

Σc(2455) 1/2+

Λc(2286) 1/2+

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

100 MeV
~ 0 MeV

~ 90 MeV

Σc(2520) 1/2+ : Closed

Low energy pion dynamics works well

~ 180 MeV

To compare with Δ → πN at pπ ~ 230 MeV
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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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Λc(2595) 1/2–

Λc(2625) 3/2–

Σc(2455) 1/2+
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Closed

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

34

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

Nagahiro et al, arXiv:1609.01085 

isospin violated

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

Experiments          
Momentum          

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

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

10

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

A∇·σ
1/2 (1/2

−; ρj=0) = 0, (67)

Aq·σ
1/2(1/2

−; ρj=0) = 0, (68)

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

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

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

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

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

c π− and Σ0
cπ

+ channels
barely close at the Λ∗

c(2595) mass while the Σ+
c π

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

c(2595) by the finite width
of Σc as

Γ̃Λ∗
c
=

1

N

∫
dM̃Σc Im

ΓΛ∗
c
(M̃Σc)

M̃Σc −MΣc + iΓΣc(M̃Σc)/2
,

(69)

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

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

N =

∫
dM̃Σc Im

1

M̃Σc −MΣc + iΓΣc(M̃Σc)/2
. (70)

We take into account the phase space factor for the Σc

decay width in the convolution integral as,

ΓΣ(M̃Σc) = ΓΣc

MΣc

M̃Σc

(
λ1/2(M̃2

Σc
,M2

Λc
,m2

π)

λ1/2(M2
Σc
,M2

Λc
,m2

π)

)3

× θ(M̃Σc −MΛc −mπ), (71)

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

for Σ++
c , ΓΣc = 1.83 (MeV) for Σ0

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

c , we calculate the ratio
of Γ(Σ++

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

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

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

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

c(2595)
+ → Λc(2286)π0π0 can

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

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

c π− and Σ0
cπ

+ decays.

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

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

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

c are also shown in arbitrary unit.

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

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

c (the total energy
√
s).

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

c
which is below the π± threshold, owing to

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

√
s = MΛ∗

c

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

c
= 2592.25 (MeV) and with the energy-

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

of Λ∗
c(2595)

+ → Σc(2455)++π−, Σc(2455)0π+, and

Allowed phase space

More PhS Less PhS

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

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

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

Λc(2625) 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)

Nagahiro et al, arXiv:1609.01085 
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(1) Ground to ground transitions, 0hω → 0hω

Λc(2595) 1/2–

Λc(2625) 3/2–

Σc(2455) 1/2+

Λc(2286) 1/2+

~ 90 MeV

Σc(2520) 1/2+ : Closed

~ 180 MeV

l = 0

l = 0

spin-isospin flip
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Γth(Λ∗
c(J

−)+ → Σgs
c (2455; 1/2+)++π−)

BiJP Γfull
exp q λ-mode ρ-mode

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

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

total 2.76–4.45 11.9–18.34

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

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

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

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

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

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

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

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

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

(ωπ = 0 limit)

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

(ωπ = 0 limit)

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

state is only possible for these decays.

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

√
⟨ρ2⟩

√
⟨λ2⟩

√
⟨r2⟩

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

Table 3: parameters set-1

2

Ground (1/2, 3/2+) –> Ground (1/2+)

gA
q = 1   →   gA

N = 5/3  <  1.25exp

Factor 2 difference, which is due to …

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

Decays of charmed baryons through pion emission in the quark model

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
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4J-PARC Branch, KEK Theory Center, KEK, Tokai, Ibaraki 319-1106, Japan
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(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-

π

R = Γ(Σc
*(3 / 2+ )π )

Γ(Σc(1 / 2
+ )π )

sensitive to  JP and the structure  
of  the decaying particle
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Λc(2880) 5/2+

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

R = Γ(Σc
*(3 / 2+ )π )

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

Λc(2595) 1/2–
Λc(2625) 3/2–

Σc(2455) 1/2+

Λc(2286) 1/2+

Σc(2520) 1/2+ : Closed

Closed one allowed 
through virtual 
transition

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

Sequential process

Λ*
c Λc

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

.8∗ (1/2-)

+

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

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

A B C D

.8∗(0272)

A

B

C

D

Non-Relativistic

5

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

.8∗ (1/2-)

+

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

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

A B C D

.8∗(0272)

A

B

C

D

Non-Relativistic

5

Coupling constants are determined by the quark model

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

.8∗ (3/2-)

+

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

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

A B C D

.8∗(0102)

A

B

C

D

Non-Relativistic

d- wave

s- wave

6
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Decay Kinematics

Decay Width

Decay Width and Dalitz Region

Dalitz Region

IJKJ

ILJJ

ILJJ (max)

ILJJ (min)

IJKJ (min) IJKJ (max)

*3 *4

Σ+6, Σ+∗6 Λ+3Λ+∗3

1 2

3

IJK

9

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

Assuming the λ-mode excitationsΛ+∗ (2595)
Three-body Decay

Dalitz Plot

IJKJ

ILJJ

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

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

3-body - 104M
(tail Σ+∗) 0.468 (18%)

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

10

Parameters
PQ = 94MeV
m	= 350MeV

M	= 1500MeV

ST = 400MeV

SU = 290MeV

Λc(2595)
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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)
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Summary

•  There are X, Y, Z, Pc states are observed 
        X(3872) is the best confirmed, the mass, spin parity, decay rates 
         But the total decay with is not yet determined.  
         Pc is well observed 
         Their interpretations are not finalized 
• 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


