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Abstract
We review a series of recent studies on the static properties of SU(3) heavy baryons, based on a non-topological soliton 
approach, the chiral quark-soliton model. A singly heavy baryon can be thought of as a system composed of N

c
− 1 valence 

quarks bound by the pion mean fields and a heavy quark in the limit of an infinitely heavy quark mass. Using all model 
parameters fixed in the light-baryon sector, the color factor N

c
 is replaced with N

c
− 1 to calculate the physical observables 

of singly heavy baryons. By comparing our results to the experimental data, we show that this pion mean-field approach 
describes very successfully the isospin mass differences and strong decay widths of the lowest-lying singly heavy baryons, 
charmed and beauty baryons.

Keywords Non-topological soliton · Charm baryons · Beauty baryons · Heavy baryons · Chiral quark-soliton model · Pion 
mean-field approach

1 Introduction

The typical models to describe baryons might be classified 
into two low-energy effective models today. One is nonrela-
tivistic three-quark models with certain effective potentials 
between constituent quarks and the other is the chiral models 
in which bare quarks are surrounded by a cloud of effective 
meson field and the constituent quark masses are generated 
dynamically. Undoubtedly, three-quark model successfully 
described many excited and exotic hadron phenomena since 
the new baryon state Ω− was predicted by Gell-Mann [1, 2]. 
The prominent studies done in SU(3) quark model for low-
lying hadron states, particularly multiquark states such as 
pentaquarks, tetraquarks, heptaquarks, and tribaryons can 
be found in Refs.[3–7]. On the other hand, in the various 
chiral models with basic features of the low-energy Quan-
tum Chromodynamics (QCD) as the chiral symmetry and 
its spontaneous breakdown, the representative solitonic 
approaches are the Skyrme Model [8] and the Chiral Quark-
Soliton Model ( �QSM) [9–11]. The “soliton” is another 
expression for the self-consistent meson mean-field in the 
nucleon in which a nucleon can be viewed as a soliton of 

the meson field in a large number of colors ( Nc ) limit [12, 
13]. There are many features in common between the two 
solitonic models, but there are also several main differences 
for theoretical basis. In the case of the Skyrme model the 
baryon number is given by the winding number for the topo-
logical solitons, namely skyrmions, and its lagrangian need 
to be supplemented by a Wess-Zumino anomaly term to 
ensure proper quantization [14–16]. In describing light and 
heavy baryons to incorporate strangeness or heavy flavors, 
the original Skyrme model was developed into a “bound-
state” picture with a skyrmion to bind a strange or heavy 
meson carrying the appropriate quantum number [17–23].

The non-topological soliton of the �QSM is treated dif-
ferently from a skyrmion. Instead of combining a soliton 
and a strange meson for flavor SU(3) baryons, the �QSM 
is embedding the flavor SU(2) soliton into the isospin sub-
group of the flavor SU(3) by Witten’s suggestion [14]. In 
addition, the effective low-energy theory of the �QSM is 
derived from the QCD instanton vacuum which supplies a 
natural mechanism of the chiral symmetry breakdown [24, 
25] and the baryon number of non-topological soliton is 
given by the quantization constraint from filling Nc valence 
quarks in the bound-state level [11]. For small-sized solitons 
the valence level joins the upper continuum and then the sea 
level disappears while for large-sized solitons the valence 
level sinks into the Dirac sea and the valence contribution 
vanishes. Since the small- and large-sized soliton limits of 
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the �QSM coincide with important features and results of 
the constituent quark model and the Skyrme model, respec-
tively [26], it turns out that the �QSM can play a role of a 
bridge between two models.

The �QSM has been describing successfully the prop-
erties of lowest-lying flavor SU(3) light baryons for octet, 
decuplet and higher group representations such as the mass 
spectra [27–31], the electromagnetic and axial-vector form 
factors [32–34], the magnetic moments [35–39], hyperon 
semileptonic decays and strong decay widths [40–43], parton 
distributions [44–47], transversities of the nucleon [48–50], 
generalized parton distributions [51], and so on. Recently, 
Not only the properties of flavor SU(3) baryons in free space 
but also those surrounded by the various baryonic environ-
ments were investigated within the framework of the in-
medium modified chiral soliton model by the authors of Ref. 
[52]. In this modified pion mean-field approach, dynamical 
model parameters were expressed in terms of the density-
dependent functionals by the linear-response approximation 
and were able to describe the equation of states for vari-
ous baryonic environments. The results of nuclear binding 
energy, nuclear symmetry energy, and pressure were in very 
good agreement with the data extracted from various experi-
ments and astronomical observations.

In recent years, one of the remarkable achievements for 
hadron structures is an extension of the �QSM into singly 
heavy baryons from low-lying flavor SU(3) light baryons. 
One can explain that singly heavy baryons consist of two 
light quarks and a heavy quark such as a charm or beauty 
quark in a naive quark model. When the mass of the heavy 
quark is regarded as mQ → ∞ , there is no need to address 
the spin-flip of the heavy quark and its spin is conserved 
[53–55]. The total spin of two light quarks can then be a 
good quantum number by this heavy-quark spin symmetry.

Since a heavy quark is a common ingredient in heavy bar-
yons, the flavor SU(3) representations of singly heavy bary-
ons being made up of two light quarks and a heavy quark 
are 3⊗ 3 = 3⊕ 6 as shown in Fig. 1. For the lowest-lying 
heavy baryons given by the representations 3⊗ 3 = 3⊕ 6 , 
the authors of Ref. [56] investigated a system with the Nc − 1 
light quarks inducing the pion mean-field and a heavy quark 
as a static color source in the large Nc limit. In this limit, 
Nc − 1 valence quarks generate the pion mean-field and the 
system can be characterized as a quark-soliton system. In 
the case of light baryons, the flavor SU(3) space of the effec-
tive Hamiltonian is constrained by the right hypercharge 
Y �

= Nc∕3 , which chooses the lowest allowed representa-
tions: 8(octet) and 10(decuplet). Because of the presence 
of Nc − 1 valence quarks in the singly heavy baryon case, 
the constraint is changed by Y �

=

(
Nc − 1

)
∕3 and the low-

est allowed representations are 3(anti-triplet) and 6(sextet). 
Recent studies have been done within the general framework 
of this large Nc mean-field picture for the various physical 
observables of the lowest-lying singly heavy baryons such 
as the mass spectra with flavor SU(3) and isospin symme-
try breakings [56–58], the magnetic moments and its radia-
tive decays [59–61], quark spin content [62], and the decay 
widths of strong decays [63].

Interestingly, when we look into the experimental val-
ues of the isospin mass differences between antitriplet 
heavy baryons, the feature of charmed and beauty baryons 
differ significantly from each other. Although the light-
quark component of ΔM

3

(
Ξc

)
= Ξ

+

c
(usc) − Ξ

0
c
(dsc) is 

the same as ΔM
3

(
Ξb

)
= Ξ

0

b
(usb) − Ξ

−

b
(dsb) since a heavy 

quark is the common ingredient for the isospin mass dif-
ference in a naive quark model, the experimental value 
of ΔM

3

(
Ξb

)
≃ −5.9MeV are nearly double that for the 

ΔM
3

(
Ξc

)
≃ −2.98MeV [56]. For the sextet case, such 

Fig. 1  The weight diagrams of anti-triplet ( 3 ) (in the left panel) and 
sextet ( 6 ) (in the right panel) representations of the low-lying singly 

heavy baryons with a heavy quark Q (c or b) and two light quarks, up 
(u) and down (d). Y and T

3
 denote the hypercharge and isospin third 

component, respectively
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differences are more noticeable. The experimental val-
ues of the isospin mass differences Σ++

c
(ddc) − Σ

0
c
(uuc) 

and Σ∗++

c
(ddc) − Σ

∗0
c
(uuc) are 0.220 ± 0.013MeV and 

0.01 ± 0.15MeV , while those of Σ+

b
(ddb) − Σ

−

b
(uub) 

and Σ∗+

b
(ddb) − Σ

∗−

b
(uub) are −5.06 ± 0.18MeV and 

−4.37 ± 0.33MeV , respectively. Additionally to the oppos-
ing signs, there are also huge differences in the magnitudes 
between those of charmed and beauty baryons. Therefore 
we will introduce the additional (Coulomb) interaction to 
a heavy quark-soliton system and compare our results with 
the experimental data. The decay widths of heavy baryons 
are another way to examine how successfully the pion mean-
field approach with Nc − 1 modification for the singly heavy 
baryons works because most of the lowest-lying singly heavy 
baryons decay into other singly heavy baryons and pseudos-
calar mesons, according to well-known experimental data.

The primary discussion points in this paper will be the 
isospin mass differences and strong decay widths of the 
lowest-lying singly charmed and beauty baryons to dem-
onstrate how well the Nc − 1 pion mean-field framework is 
described by comparing with well-known experimental data. 
We sketch the present work as follows: In Sect. 2, we review 
the general formalism of the �QSM for singly heavy baryons 
and describe the isospin mass differences between singly 
heavy baryons based on the present mean-field approach. 
In Sect. 3, we discuss the strong decay widths of singly 
charmed and beauty baryons, based on the same mean-field 
approach. The final section is devoted to the discussion and 
conclusion.

2  Isospin mass differences of singly heavy 
baryons

As mentioned previously, the light and heavy baryons are 
treated on an equal footing within this approach when we 
consider the change of Nc to Nc − 1 mean field for the singly 
heavy baryons. This approach has the remarkable advan-
tage of investigating both light and heavy baryons within 
the same framework with essentially no free parameters. For 
example, it was shown in Ref. [28] that all the parameters 
can be determined from the octet baryons and be used to pre-
dict the isospin mass differences between decuplet baryons. 
In the same way, the values of model dynamical parameters 
for the flavor SU(3) mass splittings in singly heavy bary-
ons were taken from those already determined in the light 
octet baryons shown in Ref. [56]. Thus, this well-established 
mean-field approach from the light to heavy baryon sector 
will be employed to describe the isospin mass differences of 
singly charmed and beauty baryons.

The effects of isospin symmetry breaking are attributed to 
two distinct sources: the electromagnetic (EM) interaction and 
the hadronic contributions between the masses of up and down 

quarks. The EM self-energies to a baryon mass in the �QSM 
can be written as [28]

where q(x) denotes the quark fields and the D(8)

Qa
 are the 

SU(3) Wigner D-functions D(R)

(Y T T3)(Y
� J J3)

 with the quark 
charge operator Q̂ in the group representation R . The part of 
trace with Hamiltonian H(U) and the flavor SU(3) Gell-
Mann matrices �a, b are able to be expanded for the summa-
tion indices a and b by introducing the projection operators 
to separate the pure SU(2) part from the SU(3) one and the 
expression with the parametrized factor �i of D(8)

Qa
D

(8)

Qb
 can be 

given by

The expectation values of the EM mass are then obtained by 
sandwiching the EM self-energies operator in between the 
model baryon states [11]

Here, R stands for the allowed irreducible representations 
of the SU(3)

f

 group, i.e., R = 8, 10, 10, ⋅ ⋅ ⋅ and Y , T , T3 
are the corresponding hypercharge, isospin, and its third 
component, respectively. The right hypercharge Y �

= 1 is 
constrained to be unity for the physical spin states for which 
J and J3 are spin and its third component.

Since the parameterized factor �1,2,3 for the EM masses 
are already adjusted to the empirical data of octet baryons in 
Ref. [28], we now turn to the hadronic mass correction from 
the isospin symmetry breaking by the quark mass difference 
between up and down quarks. As discussed in Ref. [58], the 
expression of the collective Hamiltonian with isospin sym-
metry breaking is

here � , � , and � are model parameters adjusted by exper-
imental data on the baryon octet masses. The mu and md 

(1)

O
EM

=q(x) 𝛾𝜇Q̂ q(x) q(0) 𝛾𝜇Q̂ q(0)

= − ∫
d𝜔

2𝜋
tr ⟨x� 1

𝜔 + iH(U)

𝛾𝜇𝜆a
1

𝜔 + iH(U)

𝛾𝜇𝜆b�x⟩

D
(8)

Qa
D

(8)

Qb
,

(2)

O
EM

=�1

3∑

i=1

D
(8)

Qi
D

(8)

Qi

+ �2

7∑

p=4

D
(8)

Qp
D

(8)

Qp
+ �3 D

(8)

Q8
D

(8)

Q8
.

(3)
�B⟩ =

√
dim(R)(−1)J3+Y

�

∕2

D
(R)∗

(Y ,T ,T3)(−Y
�,J,−J3)

(A).

(4)

Hiso

sb
=

�
md − mu

�
�√

3

2
𝛼D

(8)

38
(R) + 𝛽 T̂3 +

1

2
𝛾

3�

i=1

D
(8)

3i
(R) Ĵi

�
,
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represent the up and down current quark masses, respec-
tively. As stated in the Introduction, the presence of Nc − 1 
valence quarks instead of Nc valence quarks alters the pion 
mean-fields for the singly heavy baryons. While parameters 
� and � remain unchanged in the modified mean field, the � 
with the order of Nc should be modified. We use � to distin-
guish from the original parameter � which is already deter-
mined from the light baryons [29, 56].

The additional contributions to the EM mass for isospin 
mass differences are the strong hyperfine interaction for the 
light quarks inside a heavy baryon and the Coulomb inter-
action between the soliton and a heavy quark. The strong 
hyperfine interactions between light quarks should be taken 
into account because the configuration of the light-quark 
spin will definitely change the mass of each baryon in the 
baryon antitriplet and sextet [65, 66].

where S1 and S2 represent the spin operators for the light 
quarks inside a soliton, which yield the soliton spin 
Jsol = S1 + S2 . The parameter �hf contains the masses of 
the up and down quarks, and the strength of the strong 
hyperfine interaction. Nonetheless, we shall just fit it to the 
forthcoming experimental data [58]. The isospin symmetry 
breaking for the masses of the singly heavy baryons should 
include the EM interactions between the soliton and a heavy 
quark. While the magnetic contributions are suppressed 
by the heavy quark mass [67], the Coulomb interactions 
should be considered because the significant difference in 
the quark configuration of charmed and beauty baryons is 
from the electric charges of heavy quarks in the heavy quark 
symmetry.

(5)Hhf = �hf S1 ⋅ S2 ,

where Q̂sol and Q̂h are the charge operators acting on the 
soliton and a heavy quark, respectively. The parameter �sol−h 
consists of the expectation value of the inverse distance and 
the fine structure constant. However, the numerical values 
of the parameters �hf and �sol−h can be adjusted by the two 
experimental data marked “input” as listed in Tab. 1. The 
numerical results of the charmed and beauty baryons are 
summarized in Table 1 and Figure 2. All isospin mass dif-
ferences of singly heavy baryons are predicted using only 
two model parameters, which are fixed by two experimental 
values and the results of this work agree very well with all 
experimental data.

3  Strong decay widths of the singly heavy 
baryons

In this section, we briefly introduce recent work on the strong 
decays of the singly heavy baryons [63]. To calculate the 
strong decay widths of the singly heavy baryons, one has to 
sandwich the corresponding decay operator between the model 
baryon states expressed in Eq. (3). The decay operator with 
possible rescaling of the coefficients Gi is given as [68]

The nonrelativistic formula of the decay widths for 
B → B�

+ � can be written as [68, 69]

(6)HCoul

sol−h
= 𝛼sol−hQ̂solQ̂h ,

(7)Ĝ(0)

𝜑
=G0 D

(8)

𝜑3
− G1d3bc D

(8)

𝜑b
Ĵc −

G2√
3

D
(8)

𝜑8
Ĵ3.

Table 1  Isospin mass differences of the charmed and beauty baryons, antitriplet and sextet in units of MeV [58]

ΔM
total shows the total theoretical values from the contributions of EM self-enegies, Hiso

sb
 and Hhf of a soliton, and the Coulomb interaction HCoul

sol−h
 

between the soliton and a heavy quark. The corresponding experimental data on the isospin mass differences taken from the Particle Data Group 
[56] are listed as PDG. We list the derived values of the isospin mass differences as PDG† , using the experimental data on the masses of the cor-
responding singly heavy baryons

RJ charmed baryons ΔM
total PDG [56] PDG† beauty baryons ΔM

total PDG [56] PDG†

31∕2
Ξ
+

c
− Ξ

0
c

input −2.98 ± 0.22 − Ξ

0

b
− Ξ

−

b
−5.74 ± 0.27 −5.9 ± 0.6 −

Σ
++

c
− Σ

+

c
1.02 ± 0.38 − 1.07 ± 0.42 Σ

+

b
− Σ

0

b
−1.74 ± 0.34 − −

6
1∕2 Σ

+

c
− Σ

0

c
input −0.9 ± 0.4 − Σ

0

b
− Σ

−

b
−3.66 ± 0.25 − −

Ξ
�+

c
− Ξ

�0

c
−0.90 ± 0.30 −0.8 ± 0.6 − Ξ

�0

b
− Ξ

�−

b
−3.66 ± 0.25 − −

Σ
++

c
− Σ

0

c
0.12 ± 0.43 0.220 ± 0.013 − Σ

+

b
− Σ

−

b
−5.40 ± 0.28 −5.06 ± 0.18 −

Σ
++

c
+ Σ

0

c
− 2Σ

+

c
1.92 ± 0.53 − 1.92 ± 0.82 Σ

+

b
+ Σ

−

b
− 2Σ

0

b
1.92 ± 0.53 −

Σ
∗++

c
− Σ

∗+

c
1.02 ± 0.38 − 0.91 ± 2.31 Σ

∗+

b
− Σ

∗0

b
−1.74 ± 0.34 − −

6
3∕2 Σ

∗+

c
− Σ

∗0

c
−0.90 ± 0.30 − −0.98 ± 2.31 Σ

∗0

b
− Σ

∗−

b
−3.66 ± 0.25 − −

Ξ
∗+

c
− Ξ

∗0

c
−0.90 ± 0.30 −0.80 ± 0.26 − Ξ

∗0

b
− Ξ

∗−

b
−3.66 ± 0.25 − −3.03 ± 0.91

Σ
∗++

c
− Σ

∗0

c
0.12 ± 0.43 0.01 ± 0.15 − Σ

∗+

b
− Σ

∗−

b
−5.40 ± 0.28 −4.37 ± 0.33 −

Σ
∗++

c
+ Σ

∗0

c
− 2Σ

∗+

c
1.92 ± 0.53 − 1.89 ± 4.64 Σ

∗+

b
+ Σ

∗−

b
− 2Σ

∗0

b
1.92 ± 0.53 − −



519Hadron structures from the non-topological soliton  

Vol.:(0123456789)1 3

where M and M′ are the masses of B and B′ , respectively, 
and p� denotes the c.m. momentum of the outgoing meson 
� . The A designates the matrix element for the decay opera-
tor in Eq.(7) with the model baryon states in Eq. (3). The 

(8)ΓB→B�

+� =

32

2�

p3
�

(M +M�

)

2
A

2
,

A
2 represents the average of A2 over the initial and sum 

over the final spin and isospin states. The coefficients Gi 
in the �QSM consist of the inertia parameters of a soliton 
[70–72] and those should be modified in the singly heavy 
baryons since all inertia parameters scale as Nc . In the case 
of heavy baryons, all inertia parameters should be rescaled 
by approximately 

(
Nc − 1

)
∕Nc because the relevant model 

parameters for the moment of inertia of a soliton are already 

Fig. 2  Comparison of the pre-
sent results with the correspond-
ing experimental data [58]. 
The x-axis denotes the values 
of the isospin mass differences 
between singly heavy baryons 
in units of MeV whereas the 
y-axis designates the corre-
sponding mass difference of 
the isospin multiplet. The filled 
circles stand for the experi-
mental data taken from the 
PDG [56], the filled triangles 
represent the data obtained by 
using the experimental values of 
the masses of the correspond-
ing heavy baryons [56], and the 
open circles designate the data 
taken to be as input. The shaded 
rectangles represent the present 
results

Table 2  Charm sextet baryons decay widths in MeV [63]

Experimental data are taken from Particle Data Group [56]

# Decay of B(R, J) This work Exp.

1
Σ
++

c
(6, 1∕2) → Λ

+

c
(3

0
, 1∕2) + �+ 1.93 1.89

+0.09

−0.18

2
Σ
+

c
(6, 1∕2) → Λ

+

c
(3

0
, 1∕2) + �0 2.24 2.3 ± 0.4

3
Σ
0

c
(6, 1∕2) → Λ

+

c
(3

0
, 1∕2) + �− 1.90 1.83

+0.11

−0.19

4
Σ
++

c
(6, 3∕2) → Λ

+

c
(3

0
, 1∕2) + �+ 14.47 14.78

+0.30

−0.19

5
Σ
+

c
(6, 3∕2) → Λ

+

c
(3

0
, 1∕2) + �0 15.02 17.2

+4.0

−2.2

6
Σ
0

c
(6, 3∕2) → Λ

+

c
(3

0
, 1∕2) + �− 14.49 15.3

+0.4

−0.5

7
Ξ
+

c
(6, 3∕2) → Ξ

c
(3

0
, 1∕2) + � 2.35 2.14 ± 0.19

8
Ξ
0

c
(6, 3∕2) → Ξ

c
(3

0
, 1∕2) + � 2.53 2.35 ± 0.22

Table 3  Beauty sextet baryons decay widths in MeV [63]

Experimental data are taken from Particle Data Group [56]

# Decay of B(R, J) This work Exp.

1
Σ

+

b
(6, 1∕2) → Λ

0

b
(3

0
, 1∕2) + �+ 6.12 9.7

+4.0

−3.0

2
Σ

−

b
(6, 1∕2) → Λ

0

b
(3

0
, 1∕2) + �− 6.12 4.9

+3.3

−2.4

3
Ξ

�

b
(6, 1∕2) → Ξ

c
(3

0
, 1∕2) + � 0.07 < 0.08

4
Σ

+

b
(6, 3∕2) → Λ

0

b
(3

0
, 1∕2) + �+ 10.96 11.5 ± 2.8

5
Σ

−

b
(6, 3∕2) → Λ

0

c
(3

0
, 1∕2) + �− 11.77 7.5 ± 2.3

6
Ξ

0

b
(6, 3∕2) → Ξ

b
(3

0
, 1∕2) + � 0.80 0.90 ± 0.18

7
Ξ

−

b
(6, 3∕2) → Ξ

b
(3

0
, 1∕2) + � 1.28 1.65 ± 0.33
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determined from the light baryons [29]. Then one can obtain 
the decay widths of B → B�

+ � for the singly charmed and 
beauty baryons in a straightforward manner and immediately 
compare the results with the experimental data because most 
decay channels of heavy baryons are the strong decays. 

We see the remarkably good agreement of the results from 
the �QSM with the experimental widths for both charm and 
beauty baryons (Figs. 3 and 4). Particularly, the experimen-
tal value of decay #2 , Σ+

c
(6, 1∕2) → Λ

+

c
(30, 1∕2) + �0 was 

given as the upper limit 4.6MeV [73] when the theoretical 
value 2.24MeV was predicted several years ago. However, 
it turns out that the experimental value is now 2.3 ± 0.4MeV 
[56].

4  Discussion and conclusion

In the large Nc limits, the light and heavy baryons are treated 
on an almost equal footing within this approach when both 
light and heavy baryons are described by the pion mean-
field approach in the �QSM, namely nontopological soliton 
picture. Only the change of Nc to Nc − 1 mean field for the 
singly heavy baryons is considered since a heavy baryon 
system is regarded as that consisting of the Nc − 1 light 
quarks inducing the pion mean-field and a heavy quark as 
a static color source. Thus the values of model dynamical 
parameters determined from the light baryon sector are taken 
as those for the singly heavy baryons with the change of 
Nc to Nc − 1 factor and no free parameters. Given excel-
lent agreement of the theoretical predictions for the isospin 

mass differences and decay widths of singly heavy baryons 
with the experimentally measured values, the present works 
have clear physical implications. The pion mean fields play 
a crucial role in explaining not only the static properties of 
light baryons but also those of the heavy baryons because 
light valence quarks govern their structure even in the singly 
heavy baryons.
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