
Axial anomaly effect on three-quark and five-quark singly heavy baryons

Hiroto Takada,1,* Daiki Suenaga ,2,3,† Masayasu Harada,1,4,5,‡ Atsushi Hosaka ,3,5,§ and Makoto Oka 2,5,∥
1Department of Physics, Nagoya University, Nagoya 464-8602, Japan

2Nishina Center for Accelerator-Based Science, RIKEN, Wako 351-0198, Japan
3Research Center for Nuclear Physics (RCNP), Ibaraki, Osaka 567-0047, Japan

4Kobayashi-Maskawa Institute for the Origin of Particles and the Universe,
Nagoya University, Nagoya 464-8602, Japan

5Advanced Science Research Center, Japan Atomic Energy Agency (JAEA), Tokai 319-1195, Japan

(Received 8 August 2023; accepted 31 August 2023; published 28 September 2023)

Effects of the Uð1ÞA axial anomaly on the mass spectrum of singly heavy baryons (SHBs) is studied in
terms of the chiral effective theory based on the chiral linear representation for light flavors. We consider
SHBs made of both three quarks (Qqq) and five quarks (Qqqqq̄). For the three-quark SHBs, we prove that
the inverse mass hierarchy for the negative-parity Λc and Ξc is realized only when the Uð1ÞA anomaly is
present. For the five-quark SHBs, in contrast, it is found that the Uð1ÞA anomaly does not change the mass
spectrum at the leading order, and accordingly, their decay properties induced by emitting a pseudoscalar
meson are not affected by the anomaly. Moreover, taking into account small mixings between the three-
quark and five-quark SHBs, we find that the observed Ξc excited state, either Ξcð2923Þ or Ξcð2930Þ, can be
consistently regarded as a negative-parity SHB that is dominated by the five-quark component. We also
predict a new negative-parity five-quark dominant Λc, whose mass is around 2700 MeV and the decay
width is of order a few MeV, which provides useful information for future experiments to check our
description.
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I. INTRODUCTION

Chiral symmetry for light-flavor (u, d, and s) quarks is
one of the important symmetries of quantum chromody-
namics (QCD). In fact, the spontaneous breakdown of
chiral symmetry enables us to understand the mass gen-
eration of hadrons from almost massless light quarks [1]
and simultaneously enables us to describe the low-energy
dynamics for the associated Nambu-Goldstone (NG)
bosons (such as pions) systematically [2,3]. Another
significant symmetry property of QCD is the Uð1ÞA axial
anomaly [4,5], i.e., nonconservation of the Uð1ÞA axial
charges induced by instantons [6], which is essential to
explain a large mass of η0 meson.
In view of the above symmetry aspects, the studies based

on chiral effective-model approaches have been broadly

carried out for light mesons and baryons. In addition to
hadrons including only light flavors, heavy-light mesons
composed of one heavy quark (c or b quark) and one light
quark as well as doubly heavy baryons of two heavy quarks
and one light quark have also been explored within the
chiral models [7–12].
Since the heavy quark plays a role of a spectator due to

its large mass, studies of the heavy hadrons allow us to
extract information on the QCD symmetry properties
carried by light quarks despite being confined [13,14].
In other words, such open heavy hadrons provide us with
useful testing ground toward understanding dynamics of
light-quark clusters that are not color singlet. From those
examinations for various flavor system, it is expected that
our insights into the mechanism of flavor dependent or
independent hadron mass generations would be deepened.
In this regard, singly heavy baryons (SHBs), which are

composed of one heavy quark and one light diquark, serve
as another useful probe to unveil the dynamics of color-
nonsinglet objects [15]. That is, the diquark dynamics
stemming from chiral symmetry and the Uð1ÞA axial
anomaly is reflected to the mass and decay properties of
SHBs. Theoretical studies of SHBs focusing on the
diquarks have been done from chiral models [16–21],
quark models [22,23], and diquark-heavy-quark potential
descriptions [24–26]. Accordingly, the spectroscopy of
SHBs are being energetically explored experimentally at,
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e.g., SLAC, KEK, and LHC. In addition, the chiral-partner
structures of the SHBs at high temperature based on a chiral
model of diquarks has also been examined in Ref. [27].
In Ref. [28], a five-quark picture (Qqqq̄q) was proposed

to describe the so-called Roper-like baryons, Λcð2765Þ and
Ξcð2970Þ. Using the linear representation of chiral sym-
metry, the sequential decays of the five-quark SHBs
induced by emitting two NG bosons were reasonably
explained [29]. The chiral representation of the five-quark
SHBs is identical to that of the three-quark ones, but their
axial charges are different. Hence, classification of them
from theUð1ÞA axial charges is inevitable to understand the
distinction of symmetry properties between the two types
of SHBs. Moreover, in Ref. [19], it was found that the
Uð1ÞA anomaly effects can lead to the so-called inverse
mass hierarchy where Λc becomes heavier than Ξc for
negative-parity three-quark SHBs. This implies that the
anomaly plays significant roles in the mass spectrum
of SHBs.
Motivated by the above observations, in this paper, we

examine influences of theUð1ÞA axial anomaly on the mass
spectrum and decay properties of the SHBs based on three-
quark and five-quark pictures. After such considerations,
we show our predictions of the masses and decay widths of
the negative-parity five-quark dominant Λc baryon.
This paper is organized as follows. In Sec. II, we present

our effective Lagrangian including the three-quark and five-
quark SHBs based on SUð3ÞL × SUð3ÞR chiral symmetry
and explanations of contributions from the Uð1ÞA axial
anomaly are provided with referring to quark-line dia-
grams. In Sec. III, influences of the anomaly on mass
spectrum and decay widths of the pure three-quark SHBs
are investigated in detail, and similar considerations for the
five-quark SHBs are provided in Sec. IV. In Sec. V, mixings
between the three-quark and five-quark SHBs are incorpo-
rated, and we present predictions of the negative-parity
five-quark dominant Λc baryon. In Sec. VI, we provide
discussions on the predictedΛc baryon. Finally, in Sec. VII,
we conclude the present study.

II. MODEL

In this section, we present our effective model for the
SHBs based on chiral symmetry of the diquarks.
In order to describe both the ground state SHBs,

Λcð2286Þ and Ξcð2470Þ, and low lying excited states such
as the Roper like ones, Λcð2765Þ and Ξð2970Þ, from chiral
symmetry point of view, we introduce four diquarks dR, dL,
d0R, and d0L whose quark contents are given by [28]

ðdRÞαa ∼ ϵabcϵ
αβγðqTRÞβbCðqRÞγc;

ðdLÞαi ∼ ϵijkϵ
αβγðqTLÞβjCðqLÞγk;

ðd0RÞαi ∼ ϵabcϵ
αβγðqTRÞβbCðqRÞγc½ðq̄LÞδi ðqRÞδa�;

ðd0LÞαa ∼ ϵijkϵ
αβγðqTLÞβjCðqLÞγk½ðq̄RÞδaðqLÞδi �: ð1Þ

In this equation, qRðLÞ ¼ 1�γ5
2

q is the right-handed (left-
handed) quark field. The subscripts “a; b; � � �” and
“i; j; � � �” denote right-handed and left-handed chiral indi-
ces, respectively, and the superscripts “α; β; � � �” stand for
color indices. The 4 × 4 matrix C ¼ iγ2γ0 is the charge-
conjugation Dirac matrix. Thus, while dR and dL are the
conventional diquarks consisting of two quarks, d0R and d0L
are regarded as the tetra-diquarksmade of three quarks and
one antiquark. The chiral representation of dR, dL, d0R, d

0
L

reads

dR ∼ ð1; 3̄Þþ2; dL ∼ ð3̄; 1Þ−2;
d0R ∼ ð3̄; 1Þþ4; d0L ∼ ð1; 3̄Þ−4; ð2Þ

where the subscripts, e.g., þ2 for dR, represent the Uð1ÞA
axial charge carried by the diquarks. Equation (2) shows
that the axial charges of the tetra-diquarks are distinct from
those of the conventional ones, which allows us to
distinguish the two types of diquarks, although dR and
d0L (dL and d0R) belong to the identical chiral representation.
The interpolating fields of SHBs are given by attaching a

heavy quark Q to the diquark as

BR;a ∼QαðdRÞαa; BL;i ∼QαðdLÞαi ;
B0
R;i ∼Qαðd0RÞαi ; B0

L;a ∼Qαðd0LÞαa: ð3Þ

From this definition, one can see that BRðLÞ and B0
RðLÞ are

regarded as a three-quark state and five-quark state,
respectively. Besides, Eq. (2) implies that chiral trans-
formation laws of the SHBs read

BR → BRg
†
R; BL → BLg

†
L;

B0
R → B0

Rg
†
L; B0

L → B0
Lg

†
R; ð4Þ

with gRðLÞ ∈ SUð3ÞRðLÞ. It should be noted that the SHBs in
Eq. (3) are heavy-quark spin-singlet (HQS-singlet) of spin
1=2 belonging to the flavor 3̄ representation since the
diquarks in Eq. (1) are Lorentz scalar. Thus, for instance,
the HQS-doublet baryons of spin 1=2 and 3=2 such as
Σcð2455Þ and Σcð2520Þ, belonging to the flavor 6 repre-
sentation, are not described by BRðLÞ and B0

RðLÞ.
From Eq. (4), an effective Lagrangian describing the

three-quark SHBs and five-quark SHBs coupling with light
mesons that is invariant under SUð3ÞL × SUð3ÞR trans-
formation is constructed as

LSHB ¼ L3q þ L5q þ Lmix; ð5Þ

where
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L3q ¼
X
χ¼L;R

ðB̄χiv · ∂Bχ − μ1B̄χBχÞ

−
μ3
f2π

½B̄LðΣΣ†ÞTBL þ B̄RðΣ†ΣÞTBR�

−
g1
2fπ

ðϵijkϵabcB̄L;kΣiaΣjbBR;c þ H:c:Þ

− g01ðB̄LΣ�BR þ H:c:Þ; ð6Þ

L5q ¼
X
χ¼L;R

ðB̄0
χiv · ∂B0

χ − μ2B̄0
χB0

χÞ

−
μ4
f2π

½B̄0
RðΣΣ†ÞTB0

R þ B̄0
LðΣ†ΣÞTB0

L�

−
g2
6f3π

½ðϵabcϵijkΣ†
ciΣ

†
bjΣ

†
akÞðB̄0

RΣ�B0
LÞ þ H:c:�

−
g3
2f3π

ðϵabcϵijkB̄0
R;lΣ

†
clΣ

†
biΣ

†
ajΣ

†
dkB

0
L;d þ H:c:Þ

þ g02ðB̄0
RΣ�B0

L þ B̄0
LΣTB0

RÞ; ð7Þ

and

Lmix ¼ −μ01ðB̄RB0
L þ B̄0

LBR þ B̄LB0
R þ B̄0

RBLÞ
− g4ðB̄0

RΣ�BR þ B̄LΣ�B0
L þ H:c:Þ: ð8Þ

In these equations, Σ is a light meson nonet, which belongs
to

Σ ∼ ð3; 3̄Þ−2; ð9Þ

or more explicitly, Σ transforms under the SUð3ÞL ×
SUð3ÞR chiral transformation as

Σ → gLΣg†R: ð10Þ

The dimensionless quantity v in the Lagrangian stands for
the velocity of the SHB. In Eqs. (6)–(8), chiral symmetry
properties of the contributions including the antisymmetric
tensor are rather obscure, so here, we provide an explan-
ation of their chiral invariance by focusing on the g1 term in
Eq. (6) as an example. As for this term, all of the subscripts
i, j, and k in Σia, Σjb, and B̄L;k denote indices of the 3
representation of left-handed SUð3ÞL group, and hence, by
contracting these indices with the antisymmetric tensor ϵijk,
one obtains an SUð3ÞL chiral-singlet piece. Likewise, the
indices a, b, and c in Σia, Σjb, and BR;c belong to the 3̄
representation of SUð3ÞR, so the contraction with ϵabc
leaves an SUð3ÞR chiral singlet. As a result, chiral invari-
ance of the term becomes manifest. Our Lagrangian
possesses SUð2Þh heavy-quark spin symmetry (HQSS)
as well as SUð3ÞL × SUð3ÞR chiral symmetry, which can
be easily understood by a fact that it does not include any
Dirac γμ matrices [13,14].
Our counting scheme in constructing the Lagrangian (5)

is as follows: First, we have written down all possible terms

invariant under the Uð1ÞA axial transformation in addition
to the SUð3ÞL × SUð3ÞR chiral transformation with the
smallest number of Σð†Þ. Next, we have included leading
terms that break only theUð1ÞA axial symmetry. Because of
these reasonings, the g2 and g3 terms in Eq. (7) containing
four Σð†Þ’s, which, at first glance, seem to be higher order,
are present. In fact, the μ1, μ2, μ3, μ4, g1, g2, g3, and g4 terms
are invariant under theUð1ÞA axial transformation, whereas
the remaining g01, g

0
2, and μ01 terms violate the Uð1ÞA axial

symmetry. That is, only the latter three contributions are
responsible for the Uð1ÞA axial anomaly. It should be noted
that a trace of Σ†Σ that is not directly connected to quark
lines inside the SHBs, e.g., tr½Σ†Σ�ðB̄LBL þ B̄RBRÞ term,
can be also included within our present counting rule, but
such contributions are ignored in our present analysis since
they do not essentially affect mass spectrum and one-
pseudoscalar-meson emission decays of the SHBs.
In order to gain insights into the Uð1ÞA axial properties

of the contributions, we depict quark-line diagrams of each
interaction term in Figs. 1–3. Figure 1 shows that chirality
flips induced by Σð†Þ occur twice in one quark line for μ3
term, and such flips occur in two quark lines for g1 term. As
a result, Uð1ÞA symmetry for these two terms becomes
manifest since all right-handed and left-handed quark lines
are preserved. Meanwhile, as displayed in the figure, g01
term includes the so-called Kobayashi-Maskawa-’t Hooft
(KMT) six-point interaction [30–33], which leads to the
chirality nonconservation representing the Uð1ÞA axial
anomaly.
As for the tetra-diquarks, from Fig. 2, one can see that

the double chirality flip occurs for the antiquark line in the
μ4 term since the chiral indices of the diquark are carried by
the antiquark as in Eq. (1), which is distinct from the μ3
term despite the identical coupling structure at the
Lagrangian level. Besides, in the g2 term, not only the
antiquark line but also the remaining three quark lines
interact with Σð†Þ to flip their chiralities, in which the
antisymmetric-tensor structures of the latter three quarks
are directly connected to those of ϵabcϵijkΣ†

ciΣ
†
bjΣ

†
ak piece.

Meanwhile, the g3 term includes contributions where one
antiquark line is connected to another quark line through
Σð†Þ, since, for instance, the chiral index of B0

L;d is related to

Σ†
dk having a contraction with other meson fields by ϵijk.

FIG. 1. Quark line diagrams for each term of the Lagrangian
(6). The heavy quark is a spectator and omitted here.
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The quark line for the last g02 term is simply understood
by replacing the ϵabcϵijkΣ

†
ciΣ

†
bjΣ

†
ak piece in the g2 term

by the KMT interaction, which manifestly shows the
chirality nonconservation and the Uð1ÞA axial anomaly
effects.
The diagrams for the mixing terms depicted in Fig. 3 are

rather simple. In the μ01 term, the mixing between the
conventional diquark and tetra-diquark is supplemented by
the anomalous KMT interaction, and in the g4 term, such a
mixing is simply provided by Σð†Þ within the tetra-diquark.
Under the spontaneous breaking of chiral symmetry,

Σ acquires vacuum expectation values (VEVs) of the
form

hΣi ¼ fπdiagð1; 1; AÞ; ð11Þ

where the parameter A incorporates a violation of
SUð3ÞLþR flavor symmetry due to the presence of a large
s quark mass. In our present analysis, we take fπ ¼
93 MeV and A ¼ 2fK−fπ

fπ
¼ 1.38 (hence, fK ¼ 111 MeV).

Replacing Σð†Þ by its VEVs (11) in our model (5), masses of
the SHBs are evaluated.
In the following sections, we present our results of the

analyses of our effective Lagrangian. We first switch off the
mixing term, Eq. (8), in Secs. III and IV, so as to explore
influences of the Uð1ÞA axial anomaly on the mass
spectrum of the three-quark SHBs and the five-quark
SHBs separately. Then, in Sec. V, we revive the mixing
to investigate the full spectrum and decay properties
of SHBs.

III. ANALYSIS OF THREE-QUARK SHBS

Here, we investigate the masses and decay widths of
SHBs that contain only three-quark states from Eq. (6) in
the absence of mixing effects (8).
Flavor basis of the SHBs is obtained by the diagonal

components of SUð3ÞL and SUð3ÞR groups, i.e., by putting
i ¼ a in the interpolating fields (3). Then, from Eq. (3)
together with Eq. (1), one can find that parity eigenstates of
the three-quark SHBs are obtained as linear combinations
of BR and BL as

B�;i ¼
1ffiffiffi
2

p ðBR;i ∓ BL;iÞ; ð12Þ

where the sign of B�;i in the left-hand side (LHS)
represents the parity. Accordingly, mass eigenvalues of
the three-quark SHBs read

M½Λ½3�
c ð�Þ� ¼ mB þ μ1 þ μ3 ∓ fπðg1 þ Ag01Þ;

M½Ξ½3�
c ð�Þ� ¼ mB þ μ1 þ A2μ3 ∓ fπðAg1 þ g01Þ: ð13Þ

In this equation, Ξ½3�
c ð�Þ and Λ½3�

c ð�Þ are the SHBs
composed of suc (sdc) and udc carrying the parity �,
respectively, where the superscript ½3� is shown to empha-
size that they are three-quark SHBs. The quantity mB is a
mass parameter introduced to defined a heavy-baryon
effective theory [13,14], so that we can choose its value
arbitrarily. Equation (13) indicates that, when we focus on

M½Λ½3�
c ð�Þ�, hs̄si contributions denoted by A are incorpo-

rated into the mass through the anomalous g01 term,

although Λ½3�
c does not contain the s-quark content. Such

peculiar structure is understood by the KMT interaction
as displayed in Fig. 1, which mixes all flavors u (ū), d (d̄),
and s (s̄).

The positive-parity SHBs Λ½3�
c ðþÞ and Ξ½3�

c ðþÞ corre-
spond to the experimentally observed ground-state
Λcð2286Þ and Ξcð2470Þ, and hence, we use their masses
as inputs [34]:

M½Λ½3�
c ðþÞ� ¼ 2286 MeV;

M½Ξ½3�
c ðþÞ� ¼ 2470 MeV; ð14Þ

which allows us to fix two of the parameters μ1, μ3, g1, and
g01 in Eq. (13).1 As for the unobserved negative-parity
SHBs, we assume that their masses are larger than the
positive-parity ones sharing the same flavor contents:

FIG. 2. Quark line diagrams for each term of the Lagrangian (7).

FIG. 3. Quark line diagrams for each term of the Lagrangian (8).

1As explained below Eq. (13), mB is not a model parameter to
be fixed, but we can determine freely. In fact, the mB dependence
can be absorbed into μ1.
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M½Λ½3�
c ð−Þ� > M½Λ½3�

c ðþÞ�;
M½Ξ½3�

c ð−Þ� > M½Ξ½3�
c ðþÞ�; ð15Þ

since the negative-parity SHBs are regarded as orbitally
excited states.2

Taking into account those properties, the mass ordering
of the negative-parity three-quark SHBs is classified into
the following three patterns:

M½Λ½3�
c ðþÞ� < M½Λ½3�

c ð−Þ� < M½Ξ½3�
c ðþÞ� < M½Ξ½3�

c ð−Þ�;
M½Λ½3�

c ðþÞ� < M½Ξ½3�
c ðþÞ� < M½Λ½3�

c ð−Þ� < M½Ξ½3�
c ð−Þ�;

M½Λ½3�
c ðþÞ� < M½Ξ½3�

c ðþÞ� < M½Ξ½3�
c ð−Þ� < M½Λ½3�

c ð−Þ�:
ð16Þ

In the first and second orderings, the negative-parity SHBs

satisfy M½Λ½3�
c ð−Þ� < M½Ξ½3�

c ð−Þ� similarly to the positive-
parity ones, as naively expected from their flavor contents.
For this reason, we call this mass ordering the normal mass
hierarchy. In contrast, the third ordering in Eq. (16)

indicates M½Ξ½3�
c ð−Þ� < M½Λ½3�

c ð−Þ� which contradicts with
the naive expectation, and this is referred to as the inverse
mass hierarchy [19].

The three mass hierarchies (16) for Λ½3�
c ð−Þ and Ξ½3�

c ð−Þ
are displayed in Fig. 4. In this figure, the colored regions
(I), (II), and (III) correspond to the first, second, and third
hierarchies in Eq. (16), respectively. In Fig. 4, the mass
hierarchy satisfied with g01 ¼ 0 is denoted by the blue line,
which always lies in the region of the normal mass
hierarchy. That is, the inverse mass hierarchy for the
negative-parity three-quark SHBs does not manifest itself
unless the Uð1ÞA anomaly effects are present. The orange
line with μ3 ¼ 0 corresponds to the result in Ref. [19],
which is included as a prominent example where the Uð1ÞA
anomaly effects are present. In fact, when μ3 ¼ 0, one can
prove the inverse mass hierarchy analytically as

M½Λ½3�
c ð−Þ� −M½Ξ½3�

c ð−Þ�
¼ M½Ξ½3�

c ðþÞ� −M½Λ½3�
c ðþÞ� > 0; ð17Þ

from Eqs. (13) and (14). The vertical and horizontal dashed

lines represent a theoretical prediction of M½Λ½3�
c ð−Þ� ¼

2890� MeV from a quark model [23] and that of

M½Ξ½3�
c ð−Þ� ¼ 2765� MeV from a diquark-heavy-quark

potential model [24], respectively.3 As seen from Fig. 4,
a significant anomaly effect is necessary when we repro-
duce these theoretical predictions in our present approach.

We note that lower limits of M½Λ½3�
c ð−Þ� and M½Ξ½3�

c ð−Þ� are
constrained by Eq. (15).
In what follows, we evaluate decay widths of the

negative-parity SHBs induced by one-pseudoscalar-meson
emissions in the absence of the mixing effects (8). Those
coupling properties are read by taking fluctuations of the
pseudoscalar mesons denoted by P in addition to the VEVs
(11) for the meson field Σ as

Σ → hΣi þ iP; ð18Þ

with

P¼
ffiffiffi
2

p

×

0
BBB@

π0ffiffi
2

p þ η8ffiffi
6

p þ η1ffiffi
3

p πþ Kþ

π− − π0ffiffi
2

p þ η8ffiffi
6

p þ η1ffiffi
3

p K0

K− K̄0 − 2η8ffiffi
6

p þ η1ffiffi
3

p

1
CCCA: ð19Þ

In Eq. (19), η1 and η8 are isospin-singlet pseudoscalar
mesons belonging to flavor SUð3ÞLþR singlet and octet,

 2470

 2600

 2765
 2800

 3000

 3200

 3400

 2286  2470  2600  2800 2890  3000  3200

M
(

c[3
] (-

))
 [M

eV
]

M( c
[3](-)) [MeV]

(I)
(II)
(III)

g'1=0
3=0

FIG. 4. Three types of the mass hierarchy listed in Eq. (16):
(I) M½Λ½3�

c ðþÞ� < M½Λ½3�
c ð−Þ� < M½Ξ½3�

c ðþÞ� < M½Ξ½3�
c ð−Þ�, (II)

M½Λ½3�
c ðþÞ� < M½Ξ½3�

c ðþÞ� < M½Λ½3�
c ð−Þ� < M½Ξ½3�

c ð−Þ�, and (III)

M½Λ½3�
c ðþÞ� < M½Ξ½3�

c ðþÞ� < M½Ξ½3�
c ð−Þ� < M½Λ½3�

c ð−Þ�. The de-
tail is explained in the text.

2Note that the experimentally observed states, Λcð2595ÞðJP ¼
1=2−Þ and its flavor partner [34], are not chiral-partner states that
we concern here. In a quark-model description, Λcð2595Þ is
regarded as the so-called λ-mode excited baryon since being the
ground state of JP ¼ 1=2−. Thus, the chiral-partner state that
corresponds to the ρ-mode excited baryon must be heavier than
Λcð2595Þ [23].

3The asterisk in 2890� is added to emphasize that the mass is a
theoretical prediction. Throughout this article, we attach the
asterisk (*) when referring to a theoretical prediction.
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respectively, which are not physical states due to a mixing
between them. The physical states η and η0 are defined by

�
η

η0

�
¼

�
cos θP − sin θP
sin θP cos θP

��
η8

η1

�
; ð20Þ

where the mixing angle θP is fixed to be θp ¼ −11.3° by
the particle data group (PDG) [34].
Having derived the coupling constant for decays of the

one-pseudoscalar-meson emissions analytically, one can
find that they are related to mass differences between the
chiral partners as

GΞ½3�
c ð−ÞΞ½3�

c ðþÞπ ¼
ΔMðΞcÞ
2fπ

; ð21Þ

GΛ½3�
c ð−ÞΛ½3�

c ðþÞη ¼
ΔMðΛcÞ þ ΔMðΞcÞffiffiffi

3
p

fπðAþ 1Þ

×

�
cos θP þ sin θpffiffiffi

2
p

�
; ð22Þ

GΞ½3�
c ð−ÞΛ½3�

c ðþÞK ¼ ΔMðΛcÞ þ ΔMðΞcÞffiffiffi
2

p
fπðAþ 1Þ ; ð23Þ

and

GΛ½3�
c ð−ÞΞ½3�

c ðþÞK ¼ ΔMðΛcÞ þ ΔMðΞcÞffiffiffi
2

p
fπðAþ 1Þ ; ð24Þ

with

ΔMðΛcÞ≡M½Λ½3�
c ð−Þ� −M½Λ½3�

c ðþÞ�;
ΔMðΞcÞ≡M½Ξ½3�

c ð−Þ� −M½Ξ½3�
c ðþÞ�: ð25Þ

Here, for instance, Eq. (21) stands for the coupling constant

for a decay of Ξ½3�
c ð−Þ → Ξ½3�

c ðþÞπ. The relations (21)–(24)
are understood as extended-Goldberger-Treiman (GT)
relations in our chiral model for the SHBs [19,21]. In
other words, the decay widths are solely determined by the
masses of SHBs regardless of details of the model
parameters, when the axial coupling is fixed to be unity
as in the present linear sigma model. Among the relations,
GΞ½3�

c ð−ÞΞ½3�
c ðþÞπ does not include the mass differenceΔMðΛcÞ

since both the initial and final states are Ξc baryons.
Equation (22) indicates that the coupling GΛ½3�

c ð−ÞΛ½3�
c ðþÞη is

not only determined by ΔMðΛcÞ but also ΔMðΞcÞ despite
the absence of Ξc in the reaction. Such a peculiar structure
is induced by the anomaly effect which mixes all flavors.
To see this, we rewrite GΛ½3�

c ð−ÞΛ½3�
c ðþÞη to

GΛ½3�
c ð−ÞΛ½3�

c ðþÞη ¼
�
ΔMðΛcÞffiffiffi

3
p

fπ
−

2ffiffiffi
3

p ðA − 1Þg01
�

×

�
cos θP þ sin θpffiffiffi

2
p

�
: ð26Þ

This equation indeed shows that the coupling constant is
determined by only ΔMðΛcÞ in the absence of the anomaly
effect: g01 ¼ 0. Also, when g01 > 0, Eq. (26) indicates that

the decay width of Λ½3�
c ð−Þ is suppressed compared with a

simple estimation obtained from the naive use of GT
relation, G ¼ ΔM=

ffiffiffi
3

p
fπ [21].

Using the coupling constants in Eqs. (21)–(24), partial
decay widths of the negative-parity SHBs for arbitrary

values of M½Ξ½3�
c ð−Þ� and M½Λ½3�

c ð−Þ� are evaluated as
displayed in Fig. 5. The four subfigures show, by the color

map, the decay widths of (a) Λ½3�
c ð−Þ → Λ½3�

c ðþÞη,
(b) Λ½3�

c ð−Þ → Ξ½3�
c ðþÞK, (c) Ξ½3�

c ð−Þ → Ξ½3�
c ðþÞπ, and

(d) Ξ½3�
c ð−Þ → Λ½3�

c ðþÞK. The blue line represents g01 ¼ 0,
denoting the absence of the anomaly effects, and the orange
one represents μ3 ¼ 0, corresponding to the analysis in
Ref. [19]. The vertical and horizontal dashed lines are

theoretical predictions of M½Λ½3�
c ð−Þ� ¼ 2890� MeV [23]

and M½Ξ½3�
c ð−Þ� ¼ 2765� MeV [24], respectively.

Figure 5 indicates that the decay widths become large
immediately when the thresholds open. Within the chiral
model where relevant couplings are controlled by the
extended GT relations, the decay widths are proportional
to the square of mass differences between the chiral
partners as seen from Eqs. (21)–(24). Moreover, S-wave
decay rates are proportional to the momentum of the
emitted pseudoscalar meson which are basically deter-
mined by the mass differences again. Hence, in total, the
decay widths are found to be proportional to the third
power of the mass differences, which results in the rapid
growth of the decay widths when the mass difference
increases. We note that the decay width of Ξ½3�

c ð−Þ →
Ξ½3�
c ðþÞπ is not affected by the mass ofM½Λ½3�

c ð−Þ� since the
coupling is given by ΔMðΞcÞ solely. We also note that, for
Λ½3�
c ð−Þ → Λ½3�

c ðþÞη, there is a rather wide area for com-
parably small decay width, particularly in the region where
the inverse mass hierarchy is realized, thanks to the η − η0
mixing as explained in Ref. [21]. We emphasize that there
is no room to discuss such a broad detectable region unless
the anomaly effects denoted by a nonzero value of g01 are

present. When we take M½Λ½3�
c ð−Þ� ¼ 2890� MeV and

M½Ξ½3�
c ð−Þ� ¼ 2765� MeV from the theoretical predictions,

the resultant partial decay widths read 120 MeV for
Λ½3�
c ð−Þ → Λ½3�

c ðþÞη and 264 MeV for Ξ½3�
c ð−Þ →

Ξ½3�
c ðþÞπ, and the remaining two decay modes are closed.
As indicated in the PDG, Ξcð2923Þ or Ξcð2930Þ whose

spin and parity are unknown can be candidates of Ξ½3�
c ð−Þ in

our present analysis [34]. Experimentally, the total decay
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widths of Ξcð2923Þ and Ξcð2930Þ are known to be
Γtot
Ξcð2930Þþ ¼ 15� 9 MeV [Γtot

Ξcð2930Þ0 ¼ 10.2� 1.4 MeV],

whereas our prediction yields significantly larger decay
widths as seen from Fig. 5(c) and 5(d). For this reason, we
conclude that the observed Ξcð2923Þ or Ξcð2930Þ is not

identified as a three-quark Ξ½3�
c ð−Þ. In Sec. V, we show that

Ξcð2923Þ or Ξcð2930Þ would be identified with a five-
quark dominant SHB where only a small fraction of the
three-quark one enters.

IV. ANALYSIS OF FIVE-QUARK SHBS

In this section, we investigate mass spectrum and decay
widths of the five-quark SHBs from Eq. (7). Similarly to
the analysis in Sec. III, here, we switch off mixings from
the three-quark SHBs by omitting Eq. (8) so as to gain clear
insight into properties of the five-quark SHBs from chiral
symmetry and the Uð1ÞA anomaly.
Parity eigenstates, i.e., mass eigenstates of the five-quark

SHBs, are obtained by linear combinations of B0
R and B0

L as

B0
� ¼ 1ffiffiffi

2
p ðB0

R ∓ B0
LÞ; ð27Þ

and from Eq. (7), the corresponding mass eigenvalues
read

M½Λ½5�
c ð�Þ� ¼ mB þ μ2 þ A2μ4

� Afπ½Aðg2 þ g3Þ þ g02�;
M½Ξ½5�

c ð�Þ� ¼ mB þ μ2 þ μ4 � fπ½Aðg2 þ g3Þ þ g02�: ð28Þ

The notation in these equations follows Eq. (13), and the

quark contents are udsūc (udsd̄c) in Ξ½5�
c ð�Þ and udss̄c in

Λ½5�
c ð�Þ. Equation (28) indicates that the mass formulas for

Λ½5�
c ð�Þ and Ξ½5�

c ð�Þ share a common piece of Aðg2 þ g3Þ þ
g02 in the last term, and thereby, we can absorb the three
parameters g2, g3, and g02 into a single parameter h as

M½Λ½5�
c ð�Þ� ¼ mB þ μ2 þ A2μ4 � Afπh;

M½Ξ½5�
c ð�Þ� ¼ mB þ μ2 þ μ4 � fπh: ð29Þ

For this reason, now the number of free parameters is three:
μ2, μ4, and h. From Eq. (29), one can conclude that the
leading contributions from the Uð1ÞA anomaly incorpo-
rated by the g02 term do not affect the mass formula, which is

FIG. 5. Partial decay widths of the negative-parity SHBs for arbitrary values ofM½Ξ½3�
c ð−Þ� andM½Λ½3�

c ð−Þ�. The blue and orange lines
represent g01 ¼ 0 and μ3 ¼ 0, respectively. The vertical and horizontal dashed lines are theoretical predictions of M½Λ½3�

c ð−Þ� ¼
2890� MeV and M½Ξ½3�

c ð−Þ� ¼ 2765� MeV, respectively.
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distinct from the case of three-quark SHBs where the
anomalous term plays a significant role for the mass
hierarchy. Accordingly, the Uð1ÞA anomaly does not
contribute to the decay widths stemming from one-
pseudoscalar-meson emissions due to the extended-GT
relation for the five-quark SHBs. Another characteristic
feature is the influence of the violation of SUð3ÞLþR

flavor symmetry; that is, A2 appears as a coefficient of

μ4 for M½Λ½5�
c ð�Þ�, which is again distinct from the case of

three-quark SHBs where A2μ3 appears for M½Ξ½3�
c ð�Þ�.

Such a noteworthy feature is understood by the quark-line
diagram in Fig. 2. In fact, as seen from the diagram for the

μ4 term, when we focus on the Λ½5�
c ð�Þ baryons composed

of udss̄c, the two Σð†Þ couples with an s̄ line, which
generates A2 contributions in the mass formula.

As for the five-quark SHBs, we identify Λ½5�
c ðþÞ and

Ξ½5�
c ðþÞwith the experimentally observed Roper-like states,

Λcð2765Þ and Ξcð2970Þ, respectively. Then [34]

M½Λ½5�
c ðþÞ� ¼ 2765 MeV;

M½Ξ½5�
c ðþÞ� ¼ 2967 MeV: ð30Þ

Here, the five-quark SHBs include one antiquark whose

intrinsic parity is −1, so we expect that Λ½5�
c ð−Þ and Ξ½5�

c ð−Þ
are regarded as the ground states, whileΛ½5�

c ðþÞ and Ξ½5�
c ðþÞ

are the orbitally excited states. Hence, one can naturally
assume the following mass hierarchies:

M½Λ½5�
c ð−Þ� < M½Λ½5�

c ðþÞ�;
M½Ξ½5�

c ð−Þ� < M½Ξ½5�
c ðþÞ�: ð31Þ

Other constraints for the mass hierarchy are obtained from
decay widths of Λcð2765Þ and Ξcð2970Þ. Experimentally,
the total decay widths of these SHBs are known to be
Γtot
Λcð2765Þ ≈ 50 MeV and Γtot

Ξcð2970Þ ≈ 20.9 MeV [34]. Thus,

these values are regarded as the upper limits of the partial
decay widths due to one-pseudoscalar-meson emissions:

ΓðΞcð2970Þ → Ξ½5�
c ð−ÞπÞ þ ΓðΞcð2970Þ → Λ½5�

c ð−ÞKÞ
≲ 20.9 MeV;

ΓðΛcð2765Þ → Ξ½5�
c ð−ÞKÞ þ ΓðΛcð2765Þ → Λ½5�

c ð−ÞηÞ
≲ 50 MeV: ð32Þ

Similarly to decays of the three-quark SHBs whose
couplings are determined by mass differences of the chiral
partners as in Eqs. (21)–(24), decay widths of the five-
quark SHBs shown in Eq. (32) are also expressed by the
mass differences regardless of details of the model. In other

words, Eq. (32) enables us to get constraints on the masses

of Λ½5�
c ð−Þ and Ξ½5�

c ð−Þ directly, which yields

2551 MeV≲M½Λ½5�
c ð−Þ�;

2811 MeV≲M½Ξ½5�
c ð−Þ�: ð33Þ

Notably, under these constraints, the decay modes,

Ξcð2970Þ → Λ½5�
c ð−ÞK, Λcð2765Þ → Ξ½5�

c ð−ÞK, and

Λcð2765Þ → Λ½5�
c ð−Þη, are closed, and only Ξcð2970Þ →

Ξ½5�
c ð−Þπ is allowed, resulting in the disappearance of decays

of Λcð2765Þ induced by the one-pseudoscalar-meson emis-
sion. The main decay modes of Λcð2765Þ are sequential
decays emitting two pions via Σc resonances [29,35,36],
which are not treated in our present model.4 Combining
Eqs. (31) and (33), themasshierarchyof the five-quarkSHBs
is uniquely determined to be

M½Λ½5�
c ð−Þ� < M½Λ½5�

c ðþÞ� < M½Ξ½5�
c ð−Þ� < M½Ξ½5�

c ðþÞ�:
ð34Þ

This mass ordering may not be intuitive since Λ½5�
c ð�Þ is

heavier than Ξ½5�
c ð�Þ despite their quark contents: Λ½5�

c ð�Þ ∼
udss̄c andΞ½5�

c ð�Þ ∼ udsūc (udsd̄ c). A possible scenario to
obtain such unnatural mass ordering is discussed in
Appendix.
The experimentally observed Ξcð2923Þ or Ξcð2930Þ are

expected to be candidates of Ξ½5�
c ð−Þ, since the mass of

Ξcð2923Þ or Ξcð2930Þ satisfies the inequality in Eq. (34).5

In Sec. V, indeed, we show that Ξcð2923Þ or Ξcð2930Þ can
be identified with the negative-parity five-quark dominant
Ξc from its decay properties.

As for Λ½5�
c ð−Þ, one can see that Λ½5�

c ð−Þ does not exhibit
strong decays from the constraint on the mass in Eq. (34),
as long as the dynamics is governed by exact HQSS. Such
stable behavior holds even after introducing mixings with
the three-quark SHBs. Its possible strong decay induced by
a violation of HQSS is discussed in Sec. VI. We note that,

when we identify Ξ½5�
c ð−Þ with Ξcð2923Þ or Ξcð2930Þ, the

mass of Λ½5�
c ð−Þ reads M½Λ½5�

c ð−Þ� ¼ 2704 MeV

or M½Λ½5�
c ð−Þ� ¼ 2726 MeV.

4We have employed the PDG value of Γtot
Λcð2765Þ ≈ 50 MeV to

find the constraints (33) although, e.g., the Belle collaboration
reported a larger value of Γtot

Λcð2765Þ ¼ 73� 5 MeV [37]. How-
ever, the constraints in Eq. (33) are not significantly affected by
variations of Γtot

Λcð2765Þ which are dominated by the sequential two-
pion emission decays.

5The masses of Ξcð2923Þ and Ξcð2930Þ read M½Ξcð2923Þ� ≈
2923 MeV and M½Ξcð2930Þ� ≈ 2939 MeV, respectively [34].
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V. ANALYSIS WITH MIXINGS BETWEEN
THREE-QUARK AND FIVE-QUARK SHBS

From the analysis in Secs. III and IV, we have learned
that the Uð1ÞA axial anomaly can lead to the inverse mass
hierarchy for the negative-parity three-quark SHBs, while it
does not affect the mass spectrum of the five-quark SHBs.
In this section, we generalize the discussion by including
mixings between the three-quark and five-quark SHBs to
delineate the realistic spectrum of the SHBs and present
predictions based on our model.

A. Mass formula

Here, we present the mass formula of the SHBs with
mixings between the three-quark and five-quark components.
In the presence of the mixings, mass eigenstates take the

form of [28]

�BL
�;i

BH
�;i

�
¼

� cos θB�;i
sin θB�;i

− sin θB�;i
cos θB�;i

��
B�;i

B�;i
0

�
; ð35Þ

where the mixing angles satisfy tan 2θB�;i
¼

ð2m̃�;iÞ=ðm½2�
�;i −m½4�

�;iÞ, and the corresponding mass eigen-
values read

MðBH=L
þ;i Þ ¼ mB þ 1

2
½m½2�

þ;i þm½4�
þ;i

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm½2�

þ;i −m½4�
þ;iÞ2 þ 4m̃2

þ;i

q
�;

MðBH=L
−;i Þ ¼ mB þ 1

2
½m½2�

−;i þm½4�
−;i

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm½2�

−;i −m½4�
−;iÞ2 þ 4m̃2

−;i

q
�; ð36Þ

with

m½2�
�;i¼1;2 ¼ μ1 þ A2μ3 ∓ fπðAg1 þ g01Þ;
m½2�

�;i¼3 ¼ μ1 þ μ3 ∓ fπðg1 þ Ag01Þ;
m½4�

�;i¼1;2 ¼ μ2 þ μ4 � fπh;

m½4�
�;i¼3 ¼ μ2 þ A2μ4 � Afπh;

m̃�;i¼1;2 ¼ μ01 ∓ fπg4;

m̃�;i¼3 ¼ μ01 ∓ Afπg4: ð37Þ
In Eqs. (35) and (36), the subscripts “�” and “i” in the
BH=L
�;i stand for the parity and flavor indices, respectively.

Besides, the superscriptH (L) represents the higher (lower)
mass eigenstate corresponding to the plus (minus) sign in
front of the square root in the right-hand side (RHS) of
Eq. (36). As for Eq. (37), m̃�;i is responsible for the

mixings, andm½2�
�;i andm

½4�
�;i correspond to the masses of the

pure diquarks (qq) and the tetra-diquarks (qqq̄q), respec-
tively. We note that masses (36) satisfy

X
p¼�;n¼L;H

MðBn
p;i¼1;2Þ −

X
p¼�;n¼L;H

MðBn
p;i¼3Þ

¼ 2ðA2 − 1Þðμ3 − μ4Þ; ð38Þ

which can be understood as a generalization of the simple
mass formula found in Ref. [28]:

X
p¼�;n¼L;H

MðBn
p;i¼1;2Þ ¼

X
p¼�;n¼L;H

MðBn
p;i¼3Þ: ð39Þ

The μ3 term produces differences between the parity-

averaged masses of Λ½3�
c and Ξ½3�

c , and so does the μ4 one

for Λ½5�
c and Ξ½5�

c , as seen from Eqs. (13) and (28). Such
effects are generated by OðΣ2Þ and were not incorporated
in Ref. [28].
In what follows, similarly to the analysis in Secs. III and

IV, we employ the notation of M½ΛH=L
c ð�Þ� and

M½ΞH=L
c ð�Þ� to refer to the corresponding masses as

follows:

M½ΛH=L
c ð�Þ�≡MðBH=L

�;i¼3Þ;
M½ΞH=L

c ð�Þ�≡MðBH=L
�;i¼1;2Þ: ð40Þ

B. Without anomaly effects

In this subsection, toward a clear understanding of the
mixing effects on the mass and decay properties of the
negative-parity SHBs, we proceed with the investigation
without the Uð1ÞA anomaly effects.
In the absence of the anomaly effects, there are seven

model parameters to be fixed: μ1, μ2, μ3, μ4, g1,
h ¼ Aðg2 þ g3Þ, and g4. Four of them are fixed from the
masses of positive-parity SHBs, where the ground-state and
the Roper-like SHBs are assumed to be three-quark and
five-quark dominant, respectively. For this reason, we

assume m½2�
þ;i < m½4�

þ;i. Besides, as a typical value for the
mass of negative-parity Λc, we take the quark-model
prediction of M½Λcð−Þ� ¼ 2890� MeV for another input.
Furthermore, we employ the mass of Ξcð2930Þ as an input.
As explained at the end of Sec. III, Ξcð2930Þ cannot be
identified with the three-quark dominant SHB from its
decay width, and thus we suppose Ξcð2930Þ is five-quark
dominant. The input masses are summarized in Table. I.

TABLE I. Input masses for the analysis in Sec. V B. For the
negative-parity SHBs, the mass orderings are obscure so that the
superscript H or L is not attached.

M½ΛL
c ðþÞ� ¼ 2286 MeV M½ΞL

c ðþÞ� ¼ 2470 MeV
M½ΛH

c ðþÞ� ¼ 2765 MeV M½ΞH
c ðþÞ� ¼ 2967 MeV

M½Λcð−Þ� ¼ 2890� MeV M½Ξcð−Þ� ¼ 2939 MeV
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Now, we can work with only one parameter. Choosing the
mixing angle θB−;i¼1;2 as the last parameter, for instance, we
can examine the decay width of Ξcð2930Þ as a function of
the ratio of three-quark states in Ξcð2930Þ, as depicted in
Fig. 6. In this figure, the horizontal axis is defined by
100 × ðcos θB−;i¼1;2

Þ2. The decay modes that can be treated in
our present framework are Ξcð2930Þ → Ξcð2470Þπ and
Ξcð2930Þ → Λcð2286ÞK, where Ξcð2470Þ and Λcð2286Þ
are reduced to pure three-quark SHBs when the mixings
are switched off. Hence, the decay width vanishes when the
three-quark component in Ξcð2930Þ is zero due to the
orthogonality of the initial and final states, corresponding
to the consideration in Sec. IV. Then, the width begins
to grow as the ratio increases through the small overlaps.
The PDG reads Γtot

Ξcð2930Þþ ¼ 15� 9 MeV [Γtot
Ξcð2930Þ0 ¼

10.2� 1.4 MeV] so that typically, the ratio is allowed to
be less than ∼5.1% from which the width becomes
∼10 MeV, as denoted by the colorless area in Fig. 6.
When we fix the last parameter at which the mixing of

three-quark states in Ξcð2930Þ is 5.1%, all the seven
parameters are determined to be

μ1¼−518MeV; μ2 ¼ 413MeV; μ3¼ 309MeV;

μ4¼−236MeV; g1¼ 2.88; g4 ¼−0.687;

h¼ 0.0259: ð41Þ

We note that we have taken mB ¼ 2780 MeV in obtaining
parameters (41) such that mB coincides with the averaged
mass of all eight SHBs. We also note that the dimensionless
parameter h originating from the OðΣ4Þ contributions is
indeed suppressed compared to g1 and g4 terms. With the

parameter set (41), the mass spectrum of all SHBs treated in
our present model is obtained as displayed in Fig. 7. In this
figure, the mass values indicated by black and blue colors
are inputs for the positive-parity SHBs and negative-parity
SHBs, respectively, whereas the red values are outputs (see
Table I). The percentage below the mass values denotes the
ratio of three-quark and five-quark states:Qqq andQqqq̄q.
The figure indicates that, for the positive-parity sector,
the Roper-like SHBs are mostly five-quark states, while
the ground-state ones are mostly three-quark states.
Meanwhile, for the negative-parity sector, the tendency
is opposite; the higher-mass SHBs are three-quark domi-
nant, while the lower-mass ones are five-quark dominant.
Such a characteristic result follows our intuitive assumption

for the positive-parity SHBsm½2�
þ;i < m½4�

þ;i and a comparably
small decay width of Ξcð2930Þ.
Here, we discuss properties of ΛL

c ð−Þ and ΞH
c ð−Þ, which

are our outputs. As for ΛL
c ð−Þ, the mass reads

M½ΛL
c ð−Þ� ¼ 2689 MeV, which is smaller than the result

without the mixings estimated at the end of Sec. IV:

M½Λ½5�
c ð−Þ� ¼ 2726 MeV. Such a mass reduction is under-

stood by a level repulsion owing to the mixing with the
three-quark state. In fact, the mass lies in a range of

2689 MeV < M½ΛL
c ð−Þ� < 2726 MeV; ð42Þ

corresponding to the allowed region in Fig. 6. From this
consideration, we can find that the Λcð2890�Þ must be
three-quark dominant, which is consistent with the fact that
Λcð2890�Þ is indeed predicted as a ρ-mode excitation by
the quark model including only three quarks [23].6 Besides,

FIG. 7. Mass spectrum of all SHBs treated in our present model
with the parameter set (41). The details are provided in the text.
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FIG. 6. Decay width of Ξcð2930Þ as a function of the ratio of
three-quark states in Ξcð2930Þ, where the horizontal axis is
defined by 100 × ðcos θB−;i¼1;2

Þ2. The decay modes that can be
treated in our present framework are Ξcð2930Þ → Ξcð2470Þπ and
Ξcð2930Þ → Λcð2286ÞK. Typically, only the colorless area is
allowed from the experimental data of decays of Ξcð2930Þ.

6The mass of the negative-parity five-quark (dominant) state is
expected to be smaller than the threshold of Λcð2286Þ and η:
∼2834 MeV, due to a binding energy to generate the compact
five-quark (dominant) state. This would be an intuitive reason
why the five-quark dominant state is lighter than the three-quark
dominant one for the negative-parity sector.
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ΛL
c ð−Þ becomes stable within our present approach where

SUð2Þh HQSS is exact. In fact, ΛL
c ð−Þ can decay into Σcπ

only when we include a violation of SUð2Þh HQSS as
discussed in Sec. VI, leading to the width of order a few
MeV.7 Therefore, we conclude that possible existence of
such a very narrow Λcð−Þ in the mass region given by
Eq. (42) will be a challenge to experiment as a good test of
our description based on mixings between the three-quark
and five-quark SHBs.
On the other hand, ΞH

c ð−Þ can decay into, e.g., ΞL
c ðþÞπ,

easily due to its large mass of M½ΞH
c ð−Þ� ¼ 3230 MeV, as

analogously understood from Fig. 5. We note that

3230 MeV < M½ΞH
c ð−Þ� < 3301 MeV; ð43Þ

corresponding to the allowed area in Fig. 6, which is always
larger than Ξcð2930Þ. Accordingly, the decay width of
ΞH
c ð−Þ is expected to be always catastrophically broad.

Qualitatively, a similar argument follows when we assign
Ξcð2923Þ to ΞL

c ð−Þ.
Our demonstration in this subsection implies that the

normal mass hierarchy for the negative-parity three-quark
dominant SHBs remains satisfied even in the presence of
the mixings: M½ΛH

c ð−Þ� < M½ΞH
c ð−Þ�, as displayed in

Fig. 7, similarly to our previous analysis without anomaly
effects in Sec. III. This ordering does not change as long as
we employ the mass and small decay width of Ξcð2930Þ in
addition to the mass of Λcð2890�Þ as inputs. On the other
hand, in Ref. [24], a three-quark (dominant) Ξc was
predicted at 2765 MeV based on the diquark-heavy-quark
potential approach. If we take this value as an input, then
the scenario is drastically different from the spectrum in
Fig. 7, since in this case, the inverse mass hierarchy for the
three-quark (dominant) SHBs emerges: M½Λcð2890�Þ� >
M½Ξcð2765�Þ�, and indeed one can show that there is no
solution unless the anomaly effects enter. Hence, in Sec. V C,
we demonstrate the roles of the Uð1ÞA anomaly effects with
the mixings by taking M½Ξcð2765�Þ� as another input.

C. With anomaly effects

In this subsection, we include the Uð1ÞA anomaly effects
together with the mixing of three-quark and five-quark
SHBs where the inverse mass hierarchy holds in the three-
quark dominant SHBs, by adding g01 and μ01 to the analysis
in Sec. V B.
Now we have nine parameters of μ1, μ01, μ2, μ3, μ4, g1, g

0
1,

h ¼ Aðg2 þ g3Þ þ g02, and g4. First we use the masses of the
four positive-parity SHBs as inputs to reduce the param-
eters. Next, we employ theoretically predicted Λcð2890�Þ
and Ξcð2765�Þ as well as the experimentally observed
Ξcð2930Þ as other inputs. The input masses are summarized

in Table. II. In this table, Λcð2890�Þ, which is three-
quark dominant, is assigned to ΛH

c ð−Þ: M½ΛH
c ð−Þ� ¼

2890� MeV, from the discussion around Eq. (42).
Besides, for Ξcð2765�Þ and Ξcð2930Þ, obviously
M½ΞL

c ð−Þ� ¼ 2765� MeV and M½ΞH
c ð−Þ� ¼ 2930 MeV

from their mass ordering. Here, Ξcð2765�Þ is three-quark
dominant since the prediction is based on a three-quark
picture, while Ξcð2930Þ is five-quark dominant to explain
its small decay width as already explained. These properties

force us to impose another constraint that m½4�
−;i¼1;2 >

m½2�
−;i¼1;2; i.e., when the mixing disappears, the mass of

the five-quark SHBs must be larger than that of the three-
quark SHBs. We note that the three-quark dominant SHBs
satisfy the inverse mass hierarchy M½Λcð2890�Þ� >
M½Ξcð2765�Þ�, which is realized only when the Uð1ÞA
axial anomaly is present. From the inputs in Table. II, seven
parameters are fixed, and only two parameters are left.
As for the remaining parameters, we take μ01 and g4,

which are both responsible for the mixing strength. In
Fig. 8, we demonstrate how the undetermined mass of
five-quark dominant ΛL

c ð−Þ is constrained within our
approach. In this figure the purple and green lines
represent boundaries constrained from the decay widths
of Ξcð2970Þ and Ξcð2930Þ, respectively. That is, only the
colored area enclosed by both the lines are allowed for the
mass of ΛL

c ð−Þ. The resultant allowed mass is typically

TABLE II. Input masses for the analysis in Sec. V C.

MðΛL
c ðþÞÞ ¼ 2286 MeV MðΞL

c ðþÞÞ ¼ 2470 MeV
MðΛH

c ðþÞÞ ¼ 2765 MeV MðΞH
c ðþÞÞ ¼ 2967 MeV

Output MðΞL
c ð−ÞÞ ¼ 2765� MeV

MðΛH
c ð−ÞÞ ¼ 2890� MeV MðΞH

c ð−ÞÞ ¼ 2939 MeV

( c(2970))=20.9 MeV
( c(2930))=10 MeV
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FIG. 8. Mass of ΛL
c ð−Þ in μ01—g4 plane. The purple and green

lines represent boundaries constrained from the decay widths of
Ξcð2970Þ and Ξcð2930Þ, respectively.

7The analysis in Sec. VI is done in the presence of the Uð1ÞA
axial anomaly effect, but the resultant decay width of ΛL

c ð−Þ is
qualitatively the same as the one without the anomaly.

AXIAL ANOMALY EFFECT ON THREE-QUARK AND FIVE- … PHYS. REV. D 108, 054033 (2023)

054033-11



M½ΛL
c ð−Þ� ∼ 2700 MeV, where the wide value of μ01

stemming from the Uð1ÞA anomaly effects is allowed.
Therefore, even when the anomaly effects play a significant
role so as to lead to the inverse mass hierarchy of the
negative-parity three-quark dominant SHBs, the mass of
predicted five-quark dominant Λcð−Þ again lies approx-
imately in the range of Eq. (42) whose decay width is of
order a few MeVas estimated in Sec. VI. It should be noted
that points with μ01 ¼ 0 do not correspond to the absence of
anomaly effects since g01 is always nonzero in the colored
region.

VI. DISCUSSION

Our analysis in Sec. V predicts the existence of a
negative-parity five-quark dominant Λcð−Þ baryon whose
mass is of order 2700 MeV. However, within our present
model where exact SUð2Þh HQSS works, the predicted
Λcð−Þ baryon does not decay by the strong interaction. In
this section, we incorporate a violation of SUð2Þh HQSS to
estimate the decay width of the Λcð−Þ.
The main decay mode of the five-quark dominant Λcð−Þ

is expected to be Λcð−Þ → Σcπ, and here, we evaluate its
decay width. We note that this process is triggered by the
violation of SUð2Þh HQSS, since the spin and parity of the
initial- and final-state diquarks are 0− and 1þ, respectively,
and the one-pion-emission decay cannot preserve the light-
spin conservation. The diquark d̃μ as a building block of the
HQS-doublet SHBs is Lorentz vector, and in the chiral
basis, d̃μ takes the form of ðd̃αiaÞμ ∼ ϵαβγðqTLÞβi CγμðqRÞγa
from the Pauli principle [19]. That is, d̃μ belongs to the
(3, 3) representation of SUð3ÞL × SUð3ÞR chiral symmetry,
and accordingly, the HQS-doublet SHBs Sμia ∼Qαðd̃αiaÞμ
transform as Sμ → gLSμgTR under the chiral transformation.
We note that the HQS-doublet SHBs Sμ are described by
pure three-quark states as seen from the quark contents of
the Lorentz-vector diquark d̃μ. Hence, an interaction
Lagrangian, LHQSB, describing couplings among the
HQS-doublet Sμ, HQS-singlet B0

RðLÞ, and light mesons

Σ, is obtained as

LHQSB ¼ κ

2MΛc

ϵμνρσðϵijkS̄μaiΣ†
ajΣ

†
bkv

νσρσB0
L;b

− ϵabcS̄
Tμ
ia ΣibΣjcvνσρσB0

R;jÞ þ H:c:; ð44Þ

where SUð3ÞL × SUð3ÞR chiral symmetry is respected. In
Eq. (44), σρσ ¼ i

2
½γρ; γσ� is the antisymmetric Dirac matrix

representing magnetic interactions, and the minus sign of
the second term stems from the parity invariance. It should
be noted that we have defined the dimensionless coupling
constant κ by employing the mass of the ground-state Λc,
MΛc

¼ 2286 MeV, as a normalization factor in order to
emphasize that the Lagrangian (44) is HQSS-violating
contributions. Besides, in Eq. (44), we have introduced

couplings involving only the five-quark SHBs for the HQS-
singlet, based on the fact that the three-quark components
in the Λcð−Þ is small.
The Σc baryons belong to 6 representation of SUð3ÞLþR

flavor symmetry carrying positive parities. More con-
cretely, Σc baryons are described by replacing Sμ → S6μ

with the flavor-sextet SHB fields

S6μ ¼

0
BBB@

ΣI3¼1μ
c

1ffiffi
2

p ΣI3¼0μ
c

1ffiffi
2

p Ξ0I3¼1
2
μ

c

1ffiffi
2

p ΣI3¼0μ
c ΣI3¼−1μ

c
1ffiffi
2

p Ξ0I3¼−1
2
μ

c

1ffiffi
2

p Ξ0I3¼1
2
μ

c
1ffiffi
2

p Ξ0I3¼−1
2
μ

c Ωμ
c

1
CCCA: ð45Þ

The spin 3=2 and 1=2 components of the HQS-doublet
(45), S6�μ and S6, are separated by the following decom-
position:

S6μij ¼ S6�μij −
1ffiffiffi
3

p ðγμ þ vμÞγ5S6ij: ð46Þ

Inserting Eqs. (45) and (46) into the Lagrangian (44)
together with Eqs. (19) and (27), we can evaluate a decay
width of Λcð−Þ → Σcπ. It should be noted that Λcð−Þ →
Σ�
cπ is forbidden by the conservation of total angular

momentum.
The magnitude of κ in Eq. (44) would be of Oð1Þ as

naturally expected. When we assume κ ¼ 1, the decay
width of Λcð−Þ → Σcπ can be estimated to be 1–3 MeVas
shown in Fig. 9 with the same setup of the analysis in
Sec. V C. This value is substantially small compared to the
widths of Roper-like SHBs whose total width is typically of
order 50 MeV. Such a small width reflects the fact that the
decay processes violate SUð2Þh HQSS.

FIG. 9. Decay width of Λcð−Þ → Σcπ in the allowed region of
μ01—g4 plane.
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VII. CONCLUSIONS

In this paper, we have investigated effects of the Uð1ÞA
axial anomaly on the mass spectrum of singly heavy
baryons composed of three quarks (Qqq) and five quarks
(Qqqq̄q), based on the linear representation of SUð3ÞL ×
SUð3ÞR chiral symmetry. For pure three-quark SHBs, we
have shown that the inverse mass hierarchy for negative-
parity SHBs, where the mass ofΛc becomes larger than that
of Ξc despite of quark contents, is triggered only when the
Uð1ÞA anomaly effects are present. In contrast, we have
found that the anomaly effects do not have influence on a
mass spectrum of SHBs containing pure five-quark states at
the leading order, and accordingly, their decay properties
are not affected.
When mixings between three-quark and five-quark

SHBs are switched on, transitions between these two states
become possible by emitting a pseudoscalar meson. Having
focused on this feature, we have shown that the exper-
imentally observed Ξcð2923Þ or Ξcð2930Þ can be a five-
quark dominant SHB, and its comparably small decay
width is understood by a small mixing of the three-quark
SHB. As one of consequences of our present description,
we have predicted the existence of a negative-parity five-
quark dominant Λc baryon, mass, and decay width, which
are of order 2700 MeV and a few MeV, respectively,
regardless of the strength of the anomaly effects. Therefore,
the predicted Λc baryon is expected to provide a good
experimental test of our picture for SHBs based on the
conventional diquark (qq) and the tetra-diquark (qqq̄q).
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APPENDIX: POSSIBLE INTERPRETATION
OF THE UNNATURAL ORDERING,

M½Λ½5�
c ð�Þ� < M½Ξ½5�

c ð�Þ�
In Sec. IV, we have found that the pure five-quark

SHBs satisfy the unnatural mass ordering M½Λ½5�
c ð�Þ� <

M½Ξ½5�
c ð�Þ� for both the positive-parity and negative-parity

states, although the quark contents of Λ½5�
c ð�Þ and Ξ½5�

c ð�Þ
read udss̄c and udsūc ðudsd̄cÞ, respectively. Such a
peculiar mass ordering is mostly triggered by a negative
contribution of μ4 term to their masses. In this appendix, we
present a possible interpretation of obtaining μ4 < 0 by
introducing couplings with excited five-quark SHBs B00

RðLÞ.

To begin with, we introduce the following orbitally
excited tetra-diquarks as building blocks of B00

RðLÞ:

ðd00RÞαi ∼ ϵjklϵ
αβγðqTRÞβjCðqRÞγk½ðq̄RÞδi =∂ðqRÞδl �;

ðd00LÞαa ∼ ϵbcdϵ
αβγðqTLÞβbCðqLÞγc½ðq̄LÞδa=∂ðqLÞδd�: ðA1Þ

The chiral representation and Uð1ÞA axial charge of
d00RðLÞ read

d00R ∼ ð1; 3̄Þþ2;; d00L ∼ ð3̄; 1Þ−2; ðA2Þ
which is distinct from those of d0RðLÞ in Eq. (2) due to
excitation properties stemming from =∂. The corresponding
SHB fields are simply given by B00

RðLÞ ∼Qd00RðLÞ. Thus, an
interaction Lagrangian describing couplings among BRðLÞ0,
B00
RðLÞ and Σ, which is invariant under SUð3ÞL × SUð3ÞR

chiral transformation, is obtained as

L0
5 ¼ −g5ðB̄0

RΣ�B00
R þ B̄00

LΣ�B0
L þ H:c:Þ: ðA3Þ

In Eq. (A3), we have included only the leading order of Σð†Þ
to see roles of the excited SHBs B00

RðLÞ in a clear way. From
Eq. (A3), classical equation of motions (EOMs) for B00

RðLÞ
are evaluated to be

ði=∂ −M00
5qÞB00

L ¼ g5Σ�B0
L;

ði=∂ −M00
5qÞB00

R ¼ g5ΣTB0
R; ðA4Þ

where M00
5q denotes the mass of B00

� ≡ ðB00
R ∓ B00

LÞ=
ffiffiffi
2

p
in

the chiral symmetric phase. The kinetic terms in Eq. (A4)
can be neglected since the massM00

5q is much larger than the
typical energy scale of QCD, ΛQCD. That is, the classical
EOMs (A4) are approximated to be

B00
L ¼ −

g5
M00

5q
Σ�B0

L;

B00
R ¼ −

g5
M00

5q
ΣTB0

R: ðA5Þ

Integrating out the heavier B00
RðLÞ in Eq. (A3) with Eq. (A5),

we arrive at a reduced interaction Lagrangian of the form

L0
5 ∼

g25
M00

5q
½B̄0

RðΣΣ†ÞTB0
R þ B̄0

LðΣ†ΣÞTB0
L�: ðA6Þ

Therefore, comparing this expression with the μ4 term in
Eq. (7), we can find

μ4 ∼ −
g25f

2
π

M00
5q

< 0; ðA7Þ

and the mass ordering of M½Λ½5�
c ð�Þ� < M½Ξ½5�

c ð�Þ� is
derived.
In the above derivation, we have integrated out the

excited B00
RðLÞ to yieldM½Λ½5�

c ð�Þ� < M½Ξ½5�
c ð�Þ�. Intuitively
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speaking, the mass ordering is driven by the level repulsion
between BRðLÞ0 and BRðLÞ00 with the magnitude of jμ4j for
Ξ½5�
c and jA2μ4j for Λ½5�

c , as depicted in Fig. 10. In this figure,

Λ½5�0
c and Ξ½5�0

c are the SHBs consisting of dRðLÞ00. It should be
noted that the h contributions induced by OðΣ4Þ terms and

the Uð1ÞA anomaly effects are expected to be of higher

order as explicitly shown in Eq. (41). Thus, the fine

splitting of Ξ½5�
c ðþÞ and Ξ½5�

c ð−Þ or of Λ½5�
c ðþÞ and

Λ½5�
c ð−Þ is relatively small as indicated in Fig. 10.
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