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We construct an effective hadronic model including Λcð2595Þ, Λcð2625Þ, Λbð5912Þ, and Λbð5920Þ,
regarding them as chiral partners to Σcð2455Þ, Σcð2520Þ, Σb, and Σ�

b, respectively, with respecting the chiral
symmetry and heavy-quark spin-flavor symmetry. We determine the model parameters from the experimental

data for relevantmasses and decaywidths ofΣð�Þ
c andΛcð2595Þ. Then,we study the decaywidths ofΛcð2625Þ,

Λbð5912Þ, and Λbð5920Þ. We find that, although the decay of Λcð2595Þ is dominated by the resonant
contribution through Σcð2455Þ, nonresonant contributions are important for Λcð2625Þ, Λbð5912Þ, and
Λbð5920Þ, which reflects the chiral partner structure. We also study the radiative decays of the baryons, and
show that each of their widths is determined from the radiative decay width of their chiral partners.

DOI: 10.1103/PhysRevD.97.114024

I. INTRODUCTION

Chiral symmetry and its spontaneous breaking is one of
the most important properties to understand the structures
of hadrons including light quarks. The spontaneous chiral
symmetry breaking is expected to generate a part of hadron
masses and causes mass difference between chiral partners.
We expect that the study of chiral partner structure will
provide a clue for understanding the chiral symmetry.
In Refs. [1–5], the chiral partner structure of heavy-light

mesons was studied regarding the mesons with JP ¼
ð0þ; 1þÞ such as ðD�

0; D1Þ as the chiral partners to themesons
with JP ¼ ð0−; 1−Þ such as ðD;D�Þ based on the chiral
symmetry combined with the heavy-quark spin symmetry. In
Refs. [6–8], doubly heavy baryons with negative parity were
studied by regarding them as chiral partners to the positive
parity heavy baryons. In these analysis, the heavy-quark
flavor symmetry, in addition to the chiral symmetry and the
heavy-quark spin symmetry, plays a very important role to
relate the charm baryons to the bottom baryons. In
Refs. [9,10], the chiral partner structure of heavy baryons
including a charm quark is within the bound state approach
based on the Skyrm model. In Ref. [11], the chiral partner
structure of single heavy baryons was studied, in which the
chiral partner of Σc baryon with positive parity is regarded as
the Σc baryons with negative parity.

In the present work, we would like to propose a new
possibility of the chiral partner structure for single heavy
baryons that is different from the one inRef. [11], inwhich the
chiral partners of ΣQ (Q ¼ c, b) baryons with positive parity
are considered asΛQ baryons with negative parity: we regard
ðΛcð2595; JP ¼ 1=2−Þ;Λcð2625; 3=2−ÞÞ as the chiral part-
ners to ðΣcð2455; 1=2þÞ;Σcð2520; 3=2þÞÞ, and ðΛbð5912;
1=2−Þ;Λbð5920; 3=2−ÞÞ to ðΣbð1=2þÞ;Σ�

bð3=2þÞÞ. Based
on this chiral partner structure, we construct an effective
model respecting the chiral symmetry and the heavy-quark
spin-flavor symmetry. Determining model parameters from
the experimental data for relevantmasses and decaywidths of
Σcð2455Þ, Σ�

cð2520Þ, and Λcð2595Þ, we study the decay
widths of Λ�

cð2625Þ, Λbð5912Þ, and Λbð5920Þ. The proper-
ties of these states have been studied experimentally and
theoretically (see, e.g., Refs. [11–29] and references therein).
In the present analysis, we compare our predictions of the
decay widths with other available predictions by quark
models [12,13] and chiral effective models [14,15].
This paper is organized as follows: In Sec. II, we study the

chiral structure of single heavy baryons (SHBs).We construct
an effective Lagrangian in Sec. III. Sections IV and V are
devoted to study themasses and the hadronic decays ofSHBs.
We also study the radiative decays of SHBs in Sec. VI.
Finally, we give a summary and discussions in Sec. VII.

II. CHIRAL STRUCTURE OF SINGLE
HEAVY BARYONS

In this section, we study the chiral structure of single
heavy baryons using interpolating quark fields.
First, we consider interpolating field operators made

from up or down quarks:
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qiL;R; ði ¼ u; dÞ; ð1Þ

where L and R denote left-handed and right-handed
chirality, respectively. By using these, we can construct
two combinations of diquarks carrying spin zero which are
expressed as

ðqiLÞTCqjL; ðqiRÞTCqjR; ð2Þ

where T denote the transposition in the spinor space and
C ¼ iγ0γ2 is the charge conjugation matrix. When the
relative angular momentum between two quarks is even,
the indices i and j should be antisymmetrized due to the
Fermi statistics. In such a case, we can easily see that both
of the above diquarks are chiral singlet. For clarifying this
chiral structure, we introduce the following two diquarks
which are chiral singlet:

ϵijðqiLÞTCqjL; ϵijðqiRÞTCqjR; ð3Þ

where ϵij is antisymmetric tensor, ϵij ¼ −ϵji, with ϵud ¼ 1,
and the summations over repeated indices are understood.
Since both of the above two diquarks are chiral singlet, two
combinations of them, which are parity eigenstates, are
separately chiral singlet.
Now, let us introduce a field for the chiral-singlet light-

quark cloud with JP ¼ 0þ as

ΦðþÞ ¼ ϵijðqiLÞTCqjL þ ϵijðqiRÞTCqjR; ð4Þ

which belongs to (1,1) representation under ðSUð2ÞL;
SUð2ÞRÞ symmetry. We construct a single heavy baryon
by combining this light-quark cloud (JP ¼ 0þ) to a heavy
quark Q (Q ¼ c, b). The resultant baryon is a heavy-quark
spin singlet, so that we identify it with the lightest ΛQ

(Q ¼ c, b):

ΛQ ∼QΦðþÞ; ΛQ ¼ ðΛþ
c ;Λ0

bÞ; ð5Þ

which belongs to (1,1) representation under ðSUð2ÞL;
SUð2ÞRÞ symmetry.
Next, we consider the following diquark:

½Φμ�ij ¼ ½qTLCγμqR�ij ¼ ðqiLÞTCγμqjR; ð6Þ

which belongs to (2,2) representation under ðSUð2ÞL;
SUð2ÞRÞ symmetry. We can easily see that the following
property is satisfied:

½qTRCγμqL�ij ¼ −½qTLCγμqR�ji: ð7Þ

From these diquarks, we make two combinations of parity
eigenstates:

½qTLCγμqR�ij þ ½qTRCγμqL�ij ¼ ½qTCγμq�ij ¼ ½Φμ
ð3Þ�ij;

½qTLCγμqR�ij − ½qTRCγμqL�ij ¼ ½qTCγμγ5q�ij ¼ ½Φμ
ð1Þ�ij: ð8Þ

From the property in Eq. (7), one can easily check that the
indices of the diquark with JP ¼ 1þ is symmetric in the
light-quark flavor space, and those of the one with JP ¼ 1−

is antisymmetric, i.e.,

½Φμ
ð3Þ�ij ¼ ½Φμ

ð3Þ�ji; ½Φμ
ð1Þ�ij ¼ −½Φμ

ð1Þ�ji: ð9Þ

From this we can easily see that, when the chiral symmetry
is spontaneously broken into the isospin symmetry, Φμ

ð3Þ is
the iso-triplet diquark with JP ¼ 1þ, and Φμ

ð1Þ is the iso-

singlet diquark with JP ¼ 1−.
The diquark Φμ combined with a heavy quark makes

a set of heavy-quark doublets of SHBs with 1=2− and
3=2− as

SμQ ∼QΦμ; ð10Þ

where SμQ denotes the field for the set of SHBs. The SμQ
includes iso-triplet SHBs and iso-singlet SHBs as

ðΣa
Qð1=2þÞ;Σ�a

Q ð3=2þÞÞ ∼QΦμ
ð3Þ;

ðΛQ1ð1=2−Þ;Λ�
Q1ð3=2−ÞÞ ∼QΦμ

ð1Þ; ð11Þ

wherewe omitted the index μ in the left-hand sides. It should
be stressed that, since both Φμ

ð3Þ and Φμ
ð1Þ are included in

one chiral multiplet Φμ, the heavy-quark multiplet of
ðΛQ1ð1=2−Þ;Λ�

Q1ð3=2−ÞÞ is the chiral partner to that of
ðΣQð1=2þÞ;Σ�

Qð3=2þÞÞ. In the present work, we identify
ðΣQð1=2þÞ;Σ�

Qð3=2þÞÞ with the lightest iso-triplet single-
heavy baryons with positive parity, and ðΛQ1ð1=2−Þ;
Λ�
Q1ð3=2−ÞÞ with the lightest iso-singlet ones with negative

parity:

ðΣc;Σ�
cÞ ¼ ðΣcð2455; 1=2þÞ;Σcð2520; 3=2þÞÞ;

ðΛc1;Λ�
c1Þ ¼ ðΛcð2595; 1=2−Þ;Λcð2625; 3=2−ÞÞ;

ðΣb;Σ�
bÞ ¼ ðΣbð1=2þÞ;Σ�

bð3=2þÞÞ;
ðΛb1;Λ�

b1Þ ¼ ðΛbð5912; 1=2−Þ;Λbð5920; 3=2−ÞÞ: ð12Þ

III. EFFECTIVE LAGRANGIAN

In this section we construct an effective Lagrangian for
the relevant SHBs based on the heavy-quark spin-flavor
symmetry and the chiral symmetry. We use the field ΛQ for
expressing the SHBs belonging to the chiral singlet in
Eq. (5). For expressing the SHBs belonging to chiral (2,2)
representations, we introduce the field SμQ in Eq. (10) which
transforms as
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SμQ!
Ch
gRS

μ
Qg

T
L; ðQ ¼ c; bÞ: ð13Þ

As we discussed in the previous section, we assume that the
fields include the iso-triplet SHBs with positive parity and
the iso-singlet SHBs with negative parity as chiral partners
to each others. They are embedded into the field SμQ as

SμQ ¼ Σ̂μ
Q þ Λ̂μ

Q1; ð14Þ

where Σ̂μ
Q and Λ̂μ

Q1 include the iso-triplet and iso-singlet
fields, respectively, as

Σ̂μ
Q ¼

 
ΣI¼1μ
Q

1ffiffi
2

p ΣI¼0μ
Q

1ffiffi
2

p ΣI¼0μ
Q ΣI¼−1μ

Q

!
; ð15Þ

Λ̂μ
Q1 ¼

 
0 1ffiffi

2
p Λμ

Q1

− 1ffiffi
2

p Λμ
Q1 0

!
: ð16Þ

These Σμ
Q and Λμ

Q1 are decomposed into spin-3=2 baryon
fields and spin-1=2 fields as

Σμ
Q ¼ Σ�μ

Q −
1ffiffiffi
3

p ðγμ þ vμÞγ5ΣQ; ð17Þ

Λμ
Q1 ¼ Λ�μ

Q1 −
1ffiffiffi
3

p ðγμ þ vμÞγ5ΛQ1; ð18Þ

where Σ�μ
Q and Λ�μ

Q1 denote the spin-3=2 baryon fields, and
ΣQ and ΛQ1 the spin-1=2 fields, respectively. We note that
the parity transformation of the SμQ field is given by

SμQ!
P − γ0STQμ; ð19Þ

where T denotes the transposition of the 2 × 2matrix in the
light-quark flavor space, and that the Dirac conjugate is
defined as

S̄μQ ¼ Sμ†Q γ0: ð20Þ

We introduce a 2 × 2 matrix field M for scalar and
pseudoscalar mesons including a light quark and a light
anti-quark, which belongs to the (2,2) representation under
the chiral SUð2ÞL × SUð2ÞR symmetry. The transformation
properties ofM under the chiral symmetry and the parity are
given by

M!ChgLMg†R; ð21Þ
M!P M†: ð22Þ

We assume that the effective Lagrangian terms for M are
constructed in such a way that the M has a vacuum
expectation value which breaks the chiral symmetry sponta-
neously, and the vacuum expectationvalue is proportional to
the pion decay constant fπ

1:

hMi ¼ fπ

�
1 0

0 1

�
: ð23Þ

In the following, for studying the decays of the single heavy
baryons with emitting pions, we parametrize the fieldM as

M ¼ fπU; ð24Þ
where

U ¼ e
2iπ
fπ ; ð25Þ

with π being the 2 × 2 matrix field including pions as

π ¼ 1

2

�
π0

ffiffiffi
2

p
πþffiffiffi

2
p

π− −π0

�
: ð26Þ

Now, let us write down an effective Lagrangian including
the baryon fields ΛQ and SμQ together with the meson field
M, based on the heavy-quark spin-flavor symmetry and the
chiral symmetry. We do not include the terms including
more than square ofM field or more than two derivatives. A
possible Lagrangian is given by

LQ ¼ −trS̄μQðv · iD − ΔQÞSQμ þ Λ̄Qðv · iDÞΛQ þ g1
2fπ

trðS̄μQM†MSQμ þ S̄TQμMM†SμTQ Þ − g2
2fπ

trS̄μQM
†STQμM

T

−
gv2

2mΛQ

trS̄μQM
†STQμM

T − i
hI1 − ihR1
4f2π

trðS̄μQM†v · ∂MSQμ þ S̄μTQ Mv · ∂M†STQμÞ

− i
−hI1 − ihR1

4f2π
trðS̄μQv · ∂M†MSQμ þ S̄μTQ v · ∂MM†STQμÞ þ

h2
2f2π

trðS̄μQv · ∂M†STQμM
T þ S̄μTQ v · ∂MSQμM�Þ

−
g3

2
ffiffiffi
2

p
fπ

Λ̄Qtrð∂μMSQμτ
2 − ∂μM†SμTQ τ2Þ þ H:c:; ð27Þ

1Here we adopt the normalization of fπ ¼ 92.4 MeV.
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where mΛQ
(Q ¼ c, b) are the masses of Λcð2286Þ and Λb

in the ground state; ΔQ provides the difference between the
chiral invariant masses of ðΣQ;ΛQ1Þ chiral multiplet and
the chiral singlet ΛQ with heavy-quark flavor violation
included. giði ¼ 1; 2; 3Þ, gv2, hI1, hR1 , and h2 are dimension-
less coupling constants. Note that we included the gv2-term
to incorporate the heavy-flavor violation needed for
explaining the mass differences of charm and bottom
sectors. Although we can add heavy-quark flavor violation
terms corresponding to the g1-term, such contributions are
absorbed into the definition of ΔQ. We expect that heavy-
quark flavor violating corrections to other terms are small.

IV. MASSES AND Σð�Þ
Q → ΛQπ DECAYS

In this section, we determine the coupling constants g2
and gv2 from masses of relevant heavy baryons, and g3 from

Σð�Þ
c → Λcπ decays. Then we make predictions of Σð�Þ

b →
Λbπ decays.
When the chiral symmetry is spontaneously broken, the

light meson field M acquires its vacuum expectation value

as in Eq. (23). Then the masses of Σð�Þ
Q and Λð�Þ

Q1 are
expressed as

mðΣð�Þ
Q Þ ¼ mΛQ

þ ΔQ þ g1fπ −
gQ2
2
fπ; ð28Þ

mðΛð�Þ
Q1Þ ¼ mΛQ

þ ΔQ þ g1fπ þ
gQ2
2
fπ; ð29Þ

where gQ2 is

gQ2 ¼ g2 þ gv2
fπ
mΛQ

: ð30Þ

In the present analysis, we assume that the heavy-
quark multiplet of ðΛc1;Λ�

c1Þ ¼ ðΛcð2595; JP ¼ 1=2−Þ;
Λcð2625; 3=2−ÞÞ is the chiral partner to the multiplet of
ðΣc;Σ�

cÞ ¼ ðΣcð2455; 1=2þÞ;Σcð2520; 3=2þÞÞ, and that
ðΛb1;Λ�

b1Þ ¼ ðΛbð5912; 1=2−Þ;Λbð5920; 3=2−ÞÞ to ðΣb;
Σ�
bÞ ¼ ðΣbð1=2þÞ;Σbð3=2þÞÞ. We list experimental data

of their masses and full decay widths [16] in Table I.
We determine the values of the coupling constants gQ2

(Q ¼ c, b) from the mass differences ΔMQ of chiral
partners in the following way: First, we separately evaluate
the mass differences of chiral partners with spin-1=2 and
spin-3=2 as

ΔMð1=2;expÞ
Q ¼ MΛQ1

−MΣQ
;

ΔMð3=2;expÞ
Q ¼ MΛ�

Q1
−MΣ�

Q
;

ðQ ¼ c; bÞ; ð31Þ

where MΛð�Þ
Q1

and MΣð�Þ
Q

are given by taking the isospin

average of relevant masses. Using the values listed in
Table I, we obtain

ΔMð1=2;expÞ
c

fπ
¼ 1.19; ð32Þ

ΔMð3=2;expÞ
c

fπ
¼ 1.53 ð33Þ

for the charm sector. By taking the spin average of these
values, we determine the center value of gc2 as

gc2 ¼
1

3

�
ΔMð1=2;expÞ

c

fπ
þ 2

ΔMð3=2;expÞ
c

fπ

�
¼ 1.30: ð34Þ

By taking the violation of heavy-spin symmetry, we
evaluate the error as

gc2 ¼ 1.30þj1.53−1.30j
−j1.19−1.30j ¼ 1.30þ0.23

−0.11 : ð35Þ

Similarly, gb2 is evaluated as

gb2 ¼ 0.980þ0.090
−0.046 : ð36Þ

Let us determine the value of the coupling constant g3
from Σð�Þ

c → Λcπ decays. We use the experimental values

TABLE I. Experimental data of masses and decay widths of
heavy baryons included in the present analysis.

Particle JP Mass [MeV] Full width [MeV]

Λc 1=2þ 2286.46� 0.14 no strong decays
Σþþ
c ð2455Þ 1=2þ 2453.97� 0.14 1.89þ0.09

−0.18
Σþ
c ð2455Þ 1=2þ 2452.9� 0.4 <4.6

Σ0
cð2455Þ 1=2þ 2453.75� 0.14 1.83þ0.11

−0.19

Σþþ
c ð2520Þ 3=2þ 2518.41þ0.21

−0.19 14.78þ0.30
−0.40

Σþ
c ð2520Þ 3=2þ 2517.5� 1.3 <17

Σ0
cð2520Þ 3=2þ 2518.48� 0.20 15.3þ0.4

−0.5

Λcð2595Þ 1=2− 2595.25� 0.28 2.59� 0.30� 0.47
Λcð2625Þ 3=2− 2628.11� 0.19 <0.97

Λb 1=2þ 5619.58� 0.17 no strong decays

Σþ
b 1=2þ 5811.3þ0.9

−0.8 � 1.7 9.7þ3.8
−2.8

þ1.2
−1.1

Σ0
b 1=2þ � � � � � �

Σ−
b 1=2þ 5815.5þ0.6

−0.5 � 1.7 4.9þ3.1
−2.1 � 1.1

Σ�þ
b 3=2þ 5832.1� 0.7þ1.7

−1.8 11.5þ2.7
−2.2

þ1.0
−1.5

Σ�0
b 3=2þ � � � � � �

Σ�−
b 3=2þ 5835.1� 0.6þ1.7

−1.8 7.5þ2.2
−1.8

þ0.9
−1.4

Λbð5912Þ 1=2− 5912.18� 0.13� 0.17 < 0.66
Λbð5920Þ 3=2− 5919.90� 0.19 < 0.63
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of the full widths of Σþþ
c ð2455; 1=2þÞ, Σ0

cð2455; 1=2þÞ,
Σ�þþ
c ð2520; 3=2þÞ, andΣ�0

c ð2520; 3=2þÞwith assuming that
the one-pion decay is the dominant decay mode for each
particle. We first calculate four values of the effective

couplings g3ðΣð�Þþþ
c →Λð�Þþ

c πþÞ and g3ðΣð�Þ0
c →Λð�Þþ

c π−Þ
from the corresponding decay widths. Then, taking the
isospin average for JP¼1=2þ and3=2þ separately,weobtain

gð1=2Þ3 ¼ g3ðΣþþ
c → Λþ

c π
þÞ þ g3ðΣ0

c → Λþ
c π

−Þ
2

¼ 0.673;

gð3=2Þ3 ¼ g3ðΣ�þþ
c → Λþ

c π
þÞ þ g3ðΣ�0

c → Λþ
c π

−Þ
2

¼ 0.695:

ð37Þ
The spin average of the above values are calculated as

g3 ¼
1

3
ðg1=23 þ 2g3=23 Þ ¼ 0.688: ð38Þ

We include the systematic error of the spin average and the
statistical error of the experimental data as

g3
þjg3=2

3
−g3jþstat:e:

−jg1=2
3

−g3j−stat:e:
; ð39Þ

to obtain

g3 ¼ 0.688þ0.013
−0.025 : ð40Þ

We summarize the estimated values of gQ2 and g3 in
Table II. Using the estimated value of g3, we calculate the

decay widths of Σð�Þ
Q → ΛQπ as shown in Table III. This

shows that the obtained widths of ΣcðJP ¼ 1=2þÞ and
Σ�
cð3=2þÞ are consistent with each other even though we

used the common coupling constant g3. This implies that
heavy-quark spin violation between them is small.
Furthermore, the predicted widths of Σb and Σ�

b obtained
by the common g3 coupling for charm and bottom sectors
are consistent with experiments. This indicates that the
violation of the heavy-quark flavor symmetry is small at
this moment, but precise determination of them by future
experiments might require the inclusion of heavy-quark
flavor violation. We should note that the predicted widths

of Σð�Þþ
c → Λþ

c π
0 are larger than those of their isospin

partners since the phase space is larger due to the smallness
of the mass of π0.

V. Λð�Þ
Q1 → ΛQππ DECAYS

In this section, we consider Λð�Þ
Q1 → ΛQππ decays. In

Fig. 1, we plot the relevant diagrams for Λð�Þ
Q1 → ΛQπ

þπ− in

our model. In the diagrams (a), (b), and (d), Σð�Þ
Q s appear as

intermediate states, while in diagrams (c) and (e), Λð�Þ
Q1 and

TABLE II. Estimated values of the coupling constants gQ2
and g3.

Parameter Value

gc2 1.30þ0.23
−0.11

gb2 0.980þ0.090
−0.046

g3 0.688þ0.013
−0.025

TABLE III. Decay widths Σð�Þ
Q → ΛQπ calculated in our model.

We use Σþþ
c → Λþ

c π
þ;Σ0

c → Λþ
c π

−;Σ�þþ
c → Λþ

c π
þ, and Σ�0

c →
Λþ
c π

− to determine the coupling constant g3 as explained in the
text.

Decay modes Our model [MeV] Experimental values [MeV]

Σþþ
c → Λþ

c π
þ 1.96þ0.07

−0.14 1.89þ0.09
−0.18

Σþ
c → Λþ

c π
0 2.28þ0.09

−0.17 < 4.6
Σ0
c → Λþ

c π
− 1.94þ0.07

−0.14 1.83þ0.11
−0.19

Σ�þþ
c → Λþ

c π
þ 14.7þ0.6

−1.1 14.78þ0.30
−0.40

Σ�þ
c → Λþ

c π
0 15.3þ0.6

−1.1 < 17

Σ�0
c → Λ−

c π
0 14.7þ0.6

−1.1 15.3þ0.4
−0.5

Σþ
b → Λ0

bπ
þ 6.14þ0.23

−0.45 9.7þ3.8
−2.8

þ1.2
−1.1

Σ0
b → Λ0

bπ
0 7.27þ0.27

−0.53 � � �
Σ−
b → Λ0

bπ
− 7.02þ0.27

−0.51 4.9þ3.1
−2.1 � 1.1

Σ�þ
b → Λ0

bπ
þ 11.0þ0.4

−0.8 11.5þ2.7
−2.2

þ1.0
−1.5

Σ�0
b → Λ0

bπ
0 12.3þ0.5

−0.9 � � �
Σ�−
b → Λ0

bπ
− 11.9þ0.4

−0.9 7.5þ2.2
−1.8

þ0.9
−1.4

FIG. 1. Feynman diagrams contributing to ΛQ1 → ΛQππ decay.
(a) ΣQ with the isospin I ¼ − 1 appears in the intermediate
state; (b) ΣQ with I ¼ 1 appears; (c) the non-resonant contri-
bution to πþπ− mode; (d) ΣQ with I ¼ 0 appears; (e) the
nonresonant contribution to π0π0 mode. The effective coupling
g̃Q2 is defined as g̃Q2 ¼ gQ2 þ ðhI1 þ ih2Þ Eπ

fπ
, where Eπ is the

relevant pion energy. Similar Feynman diagrams contribute to
Λ�
Q1 → ΛQππ decay.
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ΛQ couple to two pions directly. It should be noticed that,
due to the chiral partner structure, the coupling constant in

(c) and (e) is equivalent to the Σð�Þ
Q → ΛQπ coupling in (a),

(b), and (d). Then, it is not suitable to drop the contributions

in (c) and (e). Actually, as we will show below, They are not

negligible for Λ�
c1 and Λð�Þ

b1 decays.
From the diagrams in Fig. 1, the amplitude of ΛQ1 →

ΛQπ
þπ− decays is calculated as

M ¼ −
g3ffiffiffi
3

p
f2π

ðpμ
2 þ pμ

3Þūðp1; tÞ
�
γμ þ

Pμ

M

�
γ5u1ðP; sÞ

−
g3ffiffiffi
3

p
fπ

�
g2 þ ðhI1 þ ih2Þ

E2ðp2Þ
fπ

�
Sþþ
f ðqÞpμ

3ūðp1; tÞ
�
γμ þ

qμ
mþþ

�
γ5ðmþþ þ =qÞu1ðP; sÞ

−
g3ffiffiffi
3

p
fπ

�
g2 þ ðhI1 þ ih2Þ

E3ðp3Þ
fπ

�
S0fðkÞpμ

2ūðp1; tÞ
�
γμ þ

kμ
m0

�
γ5ðm0 þ =kÞu1ðP; sÞ; ð41Þ

where P is the initial momentum of ΛQ1, p1 the momentum of ΛQ, p2 and p3 are the momenta of pions, and k and q the
momenta of intermediate ΣQs. Sf is the propagator for the intermediate ΣQs given by

SfðkÞ≡ 1

m2
ΣQ

− k2 þ imΣQ
ΓΣQ

; ð42Þ

wheremΣQ
and ΓΣQ

are the mass and decay width of intermediate ΣQ. We used isospin-averaged values of masses and decay
widths in the present analysis. Similarly, the amplitude ΛQ1 → ΛQπ

0π0 decays is

M ¼ −
g3ffiffiffi
3

p
f2π

ðpμ
2 þ pμ

3Þūðp1; tÞ
�
γμ þ

Pμ

M

�
γ5u1ðP; sÞ

−
g3ffiffiffi
3

p
fπ

�
g2 þ ðhI1 þ ih2Þ

E3ðp3Þ
fπ

�
Sþf ðkÞpμ

2ūðp1; tÞ
�
γμ þ

kμ
mþ

�
γ5ðmþ þ =kÞu1ðP; sÞ: ð43Þ

We determine the relation between the values of hI1 and
h2 from the full width of Λc1 (Λcð2595Þ). Taking into
account the errors of gc2, g3 and the total width with Λc1, we
determine the allowed range of hI1 and h2 as shown in
Fig. 2. Using these values we calculate the two-pion decay
widths of Λcð2625Þ, Λbð5912Þ, and Λbð5920Þ, which are

summarized in Table IV. The predicted decay width of
Λcð2625Þ is consistent with predictions of a quark model in
Refs. [12,13]. We note that the predicted decay widths of
Λbð5912Þ andΛbð5920Þ are extremely tiny due to the phase

FIG. 2. Allowed range of hI1 and h2 shown by purple area.

TABLE IV. Predicted widths of ΛQ1 → ΛQππ decays.

Initial Mode
Our model
[MeV]

Experimental
values [MeV]

Λcð2595Þ Λcπ
þπ− 0.562-1.09

Λcπ
0π0 1.23-2.31

sum 1.82-3.36 (input) 2.59� 0.30� 0.47

Λcð2625Þ Λcπ
þπ− 0.0618-0.507

Λcπ
0π0 0.0431-0.226

sum 0.106-0.733 < 0.97

Λbð5912Þ Λbπ
þπ− ð0.67–4.4Þ × 10−3

Λbπ
0π0 ð1.4–6.0Þ × 10−3

sum ð2.1–10Þ × 10−3 < 0.66

Λbð5920Þ Λbπ
þπ− ð0.75–13Þ × 10−3

Λbπ
0π0 ð2.2–12Þ × 10−3

sum ð3.0–25Þ × 10−3 < 0.63

YOHEI KAWAKAMI and MASAYASU HARADA PHYS. REV. D 97, 114024 (2018)

114024-6



space suppression. As we will show in the next section, the
radiative decay widths for Λbð5912Þ and Λbð5920Þ are
comparable with or even larger than the hadronic decay
widths.
Here we pick up several typical choices of hI1 and h2, and

study the contributions of the diagrams in Fig. 1 and their
interferences. In Table V, we list four typical sets of hI1 and
h2 together with the values of gQ2 and g3.

Using four sets of parameters in Table V, we study

contributions of intermediate states toΛð�Þ
Q1 → ΛQππ decays,

which are shown in Tables VI–IX. Table VI shows the
contributions of intermediate states to Λcð2595; 1=2−Þ →
Λcππ decay. More than half of this decay width is provided
by the contribution in which Σþ

c exists as an intermediate
state as in Fig. 1(d). This is because the threshold for
Λcð2595Þ → Σþ

c ð2455Þπ0 decay is open. Accordingly, non-
resonant (NR) contributions in Figs. 1(c) and 1(e) are very
small. On the other hand, NR contributions to Λcð2625Þ,
Λbð5912Þ, and Λbð5920Þ are comparable to resonant con-
tributions, partly because the threshold for ΣQπ decays
are not open. As we stressed, the coupling constant g3 in
Figs. 1(c) and 1(e) is fixed from Σc → Λcπ decay based on
the chiral partner structure. Then, the experimental check of
nonresonant contributions will give a clue to the chiral
symmetry structure.

TABLE V. Four typical parameter sets determined from Λc1 →
Λcππ decay width.

Set gc2 gb2 g3 hI1 h2

Set 1 1.30 0.980 0.688 −0.277 0
Set 2 1.30 0.980 0.688 −1.45 0
Set 3 1.30 0.980 0.688 −0.450 0.500
Set 4 1.30 0.980 0.688 −1.00 −0.500

TABLE VI. Contributions of intermediate states to Λcð2595; 1=2−Þ → Λcππ decay. “(c-NR)” and “(e-NR)” in the
column for “intermediate states” indicate the nonresonant contributions expressed in Figs. 1(c) and 1(e),
respectively. “(a-Σ0

c)”, “(b-Σþþ
c ),” and “(d-Σþ

c )” indicate the resonant contributions in Figs. 1(a), 1(b), and 1(d),
respectively. “(b-Σþþ

c ) and (a-Σ0
c)” and so on indicate the contributions of the interferences.

Decay mode Intermediate states Set 1 [keV] Set 2 [keV] Set 3 [keV] Set 4 [keV]

Λcð2595; 1=2−Þ → Λþ
c π

þπ− (c-NR) 4.10 4.10 4.10 4.10
(b-Σþþ

c ) 344 408 438 302
(a-Σ0

c) 390 466 497 344
(b-Σþþ

c ) and (a-Σ0
c) 15.7 26.4 21.5 18.2

(c-NR) and (b-Σþþ
c ) 42.7 −49.1 36.3 −21.1

(c-NR) and (a-Σ0
c) 44.3 −51.5 38.1 −22.6

Λcð2595; 1=2−Þ → Λþ
c π

0π0 (e-NR) 4.85 4.85 4.85 4.85
(d-Σþ

c ) 1.71 × 103 1.82 × 103 2.12 × 103 1.39 × 103

(e-NR) and (d-Σþ
c ) 33.1 −41.6 63.7 −54.6

Total 2.59 × 103 2.59 × 103 3.23 × 103 1.97 × 103

TABLE VII. Contributions of intermediate states toΛcð2625; 3=2−Þ → Λcππ decay. “(c-NR)” and “(e-NR)” in the
column for “intermediate states” indicate the nonresonant contributions expressed in Figs. 1(c) and 1(e),
respectively. “(a-Σ�0

c )”, “(b-Σ�þþ
c ),” and “(d-Σ�þ

c )” indicate the resonant contributions in Figs. 1(a), 1(b), and
1(d), respectively. “(b-Σ�þþ

c ) and (a-Σ�0
c )” and so on indicate the contributions of the interferences.

Decay mode Intermediate states Set 1 [keV] Set 2 [keV] Set 3 [keV] Set 4 [keV]

Λcð2625; 3=2−Þ → Λþ
c π

þπ− (c-NR) 58.4 58.4 58.4 58.4
(b-Σ�þþ

c ) 78.2 149 113 97.8
(a-Σ�0

c ) 76.7 157 114 102
(b-Σ�þþ

c ) and (a-Σ�0
c ) 7.44 22.0 12.5 13.6

(c-NR) and (b-Σ�þþ
c ) 93.2 −135 74.8 −62.8

(c-NR) and (a-Σ�0
c ) 92.3 −138 74.3 −65.3

Λcð2625; 3=2−Þ → Λþ
c π

0π0 (e-NR) 43.0 43.0 43.0 43.0
(d-Σ�þ

c ) 69.1 125 97.8 83.1
(e-NR) and (d-Σ�þ

c ) 73.2 −105 60.4 −50.1
Total 591 177 648 219
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VI. RADIATIVE DECAYS

In this section, we consider radiative decays of the heavy
baryons. The relevant Lagrangian is given by

Lrad ¼
r1
F
trðS̄μQQlightSνQ þ S̄μTQ QlightSνTQ ÞFμν

þ r2
F
trðS̄μQQlightSνQ − S̄μTQ QlightSνTQ ÞF̃μν

þ r3
F2

Λ̄QtrðSμQτ2MQlightvν − SμTQ τ2M†QlightvνÞFμν

þ H:c:þ r4
F2

Λ̄QtrðSμQτ2MQlightvν

þ SμTQ τ2M†QlightvνÞF̃μν þ H:c:; ð44Þ

where Fμν is the field strength of the photon and F̃μν is its
dual tensor: F̃μν ¼ ð1=2ÞϵμνρσFρσ. ri (i ¼ 1;…; 4) are

dimensionless constants, and F is a constant with dimen-
sion one. In this analysis, we take F ¼ 350 MeV following
Ref. [14]. We note that the values of the constants ri are of
order one based on quark models [14].
Let us first study the electromagnetic intramultiplet

transitions governed by the r1-term in Eq. (44). Let B�
denotes the decaying baryon with spin-3=2 (B� ¼ Λ�

Q1;
Σ�
Q), and B the daughter baryon with spin-1=2 (B ¼ ΛQ1;

ΣQ). Then the radiative decay width is given by

ΓB�→Bγ ¼ C2
B�Bγ

16αr21
9F2

mB

mB�
E3
γ ð45Þ

where α is the electromagnetic fine structure constant, Eγ is
the photon energy, and CB�Bγ is the Clebsh-Gordon con-
stant given by

TABLE VIII. Contributions of intermediate states to Λbð5912; 1=2−Þ → Λbππ decay. “(c-NR)” and “(e-NR)” in
the column for “intermediate states” indicate the nonresonant contributions expressed in Figs. 1(c) and 1(e),
respectively. “(a-Σ−

b ),” “(b-Σþ
b ),” and “(d-Σ0

b)” indicate the resonant contributions in Figs. 1(a), 1(b), and 1(d),
respectively. “(b-Σþ

b ) and (a-Σ−
b )” and so on indicate the contributions of the interferences.

Decay mode Intermediate states Set 1 [keV] Set 2 [keV] Set 3 [keV] Set 4 [keV]

Λbð5912; 1=2−Þ → Λ0
bπ

þπ− (c-NR) 0.61 0.61 0.61 0.61
(b-Σþ

b ) 0.42 2.3 0.95 1.3
(a-Σ−

b ) 0.35 1.9 0.80 1.1
(b-Σþ

b ) and (a-Σ−
b ) 0.018 0.11 0.043 0.062

(c-NR) and (b-Σþ
b ) 0.71 −1.7 0.47 −0.87

(c-NR) and (a-Σ−
b ) 0.65 −1.5 0.38 −0.75

Λbð5912; 1=2−Þ → Λ0
bπ

0π0 (e-NR) 1.40 1.40 1.40 1.40
(d-Σ0

b) 0.97 5.0 2.1 2.9
(e-NR) and (d-Σ0

b) 1.6 −3.8 1.0 −1.9

Total 6.8 4.3 7.8 3.9

TABLE IX. Contributions of intermediate states to Λbð5920; 3=2−Þ → Λcππ decay. “(c-NR)” and “(e-NR)” in the
column for “intermediate states” indicate the nonresonant contributions expressed in Figs. 1(c) and 1(e),
respectively. “(a-Σ�−

b )”, “(b-Σ�þ
b )” and “(d-Σ�0

b )” indicate the resonant contributions in Figs. 1(a), 1(b) and 1(d),
respectively. “(b-Σ�þ

b ) and (a-Σ�−
b )” and so on indicate the contributions of the interferences.

Decay mode Intermediate states Set 1 [keV] Set 2 [keV] Set 3 [keV] Set 4 [keV]

Λbð5920; 3=2−Þ → Λ0
bπ

þπ− (c-NR) 2.4 2.4 2.4 2.4
(b-Σ�þ

b ) 0.87 5.2 2.1 3.0
(a-Σ�−

b ) 0.80 4.8 1.9 2.8
(b-Σ�þ

b ) and (a-Σ�−
b ) 0.040 0.27 0.10 0.15

(c-NR) and (b-Σ�þ
b ) 2.1 −5.1 1.3 −2.6

(c-NR) and (a-Σ�−
b ) 2.0 −4.9 1.1 −2.4

Λbð5920; 3=2−Þ → Λ0
bπ

0π0 (e-NR) 3.5 3.5 3.5 3.5
(d-Σ�0

b ) 1.3 7.3 3.0 4.2
(e-NR) and (d-Σ�0

b ) 3.0 −7.2 1.9 −3.7
Total 16 6.4 17 7.2
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CΣ�þþ
c Σþþ

c γ ¼ CΣ�þ
b Σþ

b γ
¼ 2

3
;

CΣ�þ
c Σþ

c γ ¼ CΣ�0
b Σ0

bγ
¼ 1

6
;

CΣ�0
c Σ0

cγ
¼ CΣ�−

b Σ−
b γ

¼ −
1

3
;

CΛ�þ
c1 Λ

þ
c1γ

¼ CΛ�0
b Λ0

bγ
¼ −

1

6
: ð46Þ

From this, one naively expects that ratios of radiative
decay widths are determined from the squares of these
constants as

C2
Σ�þþ
c Σþþ

c γ
∶ C2

Σ�þ
c Σþ

c γ
∶ C2

Σ�0
c Σ0

cγ
∶ C2

Λ�
c1Λc1γ

¼ 16∶1∶4∶1: ð47Þ

In Table X, we show our predictions on the decay widths of
Λ�
Q1 → ΛQ1γ and Σ�

Q → ΣQγ comparing with the predic-
tions in Refs. [14,15]. The predicted values for Σ�

Q → ΣQγ
decay widths are consistent with the ratio in Eq. (47), while
the values for Λ�

Q1 → ΛQ1γ decay widths are much smaller
than the ratio in Eq. (47). This is because the mass

differences betweenΛ�
Q1 andΛQ1 are quite small generating

huge phase space suppression. We note that our predictions
are consistent with the predictions in Refs. [14,15].

We next study the Λð�Þ
Q1 → Σð�Þ

Q γ decays which concern
the r2-term. The decay widths are expressed as

ΓΛQ1→ΣQγ ¼
16αr22
9F2

mΣQ

mΛQ1

E3
γ ;

ΓΛQ1→Σ�
Qγ

¼ 8αr22
9F2

mΣ�
Q

mΛQ1

E3
γ ;

ΓΛ�
Q1
→ΣQγ ¼

4r22
9F2

mΣQ

mΛ�
Q1

E3
γ ;

ΓΛ�
Q1
→Σ�

Qγ
¼ 20αr22

9F2

mΣ�
Q

mΛ�
Q1

E3
γ : ð48Þ

In Table XI, we show our predictions comparing with those
in Ref. [14].

The r3-term generates the Λð�Þ
Q1 → ΛQγ decay, the width

of which is expressed as

ΓΛð�Þ
Q1
→ΛQγ

¼ 8αr23f
2
π

27F4

mΛQ

mΛð�Þ
Q1

E3
γ : ð49Þ

In Table XII, we show our predictions together with the
ones in Ref. [14].

The width of Σð�Þ
Q → ΛQγ decay via the r4-term is

given by

TABLE X. Radiative decay widths of Λ�
Q1 → ΛQ1γ and Σ�

Q →
ΣQγ in units of keV. The values in the row indicated by
“Predictions” are our predicted values, where r1 is an undeter-
mined parameter of Oð1Þ. For comparison, we list predictions in
Refs. [14,15].

Decay mode Predictions [keV] [14] [keV] [15] [keV]

Σ�þþ
c → Σþþ

c γ 12r21 � � � 11.6
Σ�þ
c → Σþ

c γ 0.75r21 � � � 0.85
Σ�0
c → Σ0

cγ 3.1r21 � � � 2.92
Λ�þ
c1 → Λþ

c1γ 0.13r21 0.107c2R � � �
Σ�þ
b → Σþ

b γ 0.42r21 � � � 0.60
Σ�0
b → Σ0

bγ 0.024r21 � � � 0.02
Σ�−
b → Σ−

b γ 0.089r21 � � � 0.06
Λ�0
b1 → Λ0

b1γ 0.0013r21 � � � � � �

TABLE XI. Radiative decay widths of Λð�Þ
Q1 → Σð�Þ

Q γ in units of
keV. The values in the row indicated by “Predictions” are our
predicted values, where r2 is an undetermined parameter ofOð1Þ.
For comparison, we list predictions in Ref. [14].

Decay mode Predictions [keV] [14] [keV]

Λþ
c1 → Σþ

c γ 250r22 127c2RS
Λþ
c1 → Σ�þ

c γ 21r22 6c2RS
Λ�þ
c1 → Σþ

c γ 120r22 58c2RS
Λ�þ
c1 → Σ�þ

c γ 160r22 54c2RS

Λ0
b1 → Σ0

bγ 98r22 � � �
Λ0
b1 → Σ�0

b γ 25r22 � � �
Λ�0
b1 → Σ0

bγ 31r22 � � �
Λ�0
b1 → Σ�0

b γ 81r22 � � �

TABLE XII. Radiative decay widths of Λð�Þ
Q1 → ΛQγ in units of

keV. The values in the row indicated by “Predictions” are our
predicted values, where r3 is an undetermined parameter ofOð1Þ.
For comparison, we list predictions in Ref. [14].

Decay mode Predictions [keV] [14] [keV]

Λc1 → Λcγ 25r23 191c2RT
Λ�
c1 → Λcγ 35r23 253c2RT

Λb1 → Λbγ 27r23 � � �
Λ�
b1 → Λbγ 29r23 � � �

TABLE XIII. Radiative decay widths of Σð�Þ
Q → ΛQγ in units of

keV. The values in the row indicated by “Predictions” are our
predicted values, where r4 is an undetermined parameter ofOð1Þ.
For comparison, we list predictions in Ref. [15].

Decay mode Predictions [keV] [15] [keV]

Σþ
c → Λþ

c γ 43r24 164
Σ�þ
c → Λþ

c γ 110r24 893

Σ0
b → Λ0

bγ 74r24 288
Σ�0
b → Λ0

bγ 99r24 435
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ΓΣð�Þ
Q →ΛQγ

¼ 8αr24f
2
π

3F4

mΛQ

mΣð�Þ
Q

E3
γ ; ð50Þ

and the predicted values are shown in Table XIII.

VII. A SUMMARY AND DISCUSSIONS

We constructed an effective hadronic model regarding
ΛQ1¼fΛcð2595;JP¼1=2−Þ;Λbð5912;1=2−Þg and Λ�

Q1 ¼
fΛ�

cð2625; 3=2−Þ;Λ�
bð5920; 3=2−Þg as chiral partners to

ΣQ ¼ fΣcð2455; 1=2þÞ;Σbð1=2þÞg and Σ�
Q ¼ fΣ�

cð2520;
3=2þÞ;Σ�

bð3=2þÞg, respectively, based on the chiral sym-
metry and heavy-quark spin-flavor symmetry. We deter-
mined the model parameters from the experimental data for
relevant masses and decay widths of Σcð2455; 1=2þÞ,
Σ�
cð2520; 3=2þÞ, and Λcð2595; 1=2−Þ. Then, we studied

the decay widths of Λ�
cð2625Þ, Λbð5912Þ, and Λbð5920Þ.

We showed that the coupling constant for nonresonant
contributions depicted in Figs. 1(c) and 1(e) is fixed from

the Σð�Þ
c decays reflecting the chiral partner structure. As a

result, the decay of Λcð2595Þ is dominated by the resonant
contribution through Σcð2455Þ depicted in Fig. 1(d), since
the threshold of Λcð2595Þ → Σþ

c ð2455Þπ0 decay is open.
We found nonresonant contributions depicted in Figs. 1(c)
and 1(e) are comparable to resonant contributions for
Λcð2625Þ, Λbð5912Þ, and Λbð5920Þ, partly because the
threshold for ΣQπ decays are not open. Our result indicates
that studying nonresonant contributions will give a clue to
understand the chiral partner structure for single heavy
baryons.

We also studied the radiative decays of Σð�Þ
Q and Λð�Þ

Q1

using effective interaction Lagrangians in Eq. (44). We
showed that there is a relation among Σ�

Q → ΣQγ and
Λ�
Q1 → ΛQ1γ decays reflecting the chiral partner structure,

which can be checked in future experiments.
In Table XIV, we summarize our predictions of the decay

widths of single heavy baryons. We expect that comparison
of these predictions with experimental data will give some
clues to understand the chiral structure of single heavy
baryons. We note that, since the hadronic decays of
Λb1ð5912Þ and Λ�

b1ð5920Þ are suppressed by the small
phase space factors, radiative decays may be dominant
modes.
Several comments are in order.
The present model does not include the decay ΛQ1 →

ΛQππ via Σ�
Q, which needs two pions in the D wave in the

heavy-quark limit. We expect that such decays are sup-
pressed compared with the decays having two pions in the
S wave. Similarly, we expect that the decay Λ�

Q1 → ΛQππ
via ΣQ is also suppressed.
It is interesting to extend the presentmodel including only

two flavors to the one with the strange quark in addition

TABLE XIV. Predicted decay widths of SHBs. The row
indicated by “Our Model” shows the predictions of the present
analysis. The row indicated by “Expt.” shows the experimental
values for the full width of the relevant SHBs, in which “� � �”
implies no experimental data.

SHB JP Decay modes Our model [MeV] Expt. [MeV]

Σþþ
c 1=2þ Λcπ

þ 1.96þ0.07
−0.14 1.89þ0.09

−0.18

Σþ
c 1=2þ Λcπ

0 2.28þ0.09
−0.17 < 4.6Λcγ 0.043r24

Σ0
c 1=2þ Λcπ

− 1.94þ0.07
−0.14 1.83þ0.11

−0.19

Σ�þþ
c 3=2þ Λcπ

þ 14.7þ0.6
−1.1 14.78þ0.30

−0.40Σþþ
c γ 0.012r21

Σ�þ
c 3=2þ Λcπ

0 15.3þ0.6
−1.1

< 17Σþ
c γ 0.75r21 × 10−3

Λcγ 0.11r24
Σ�0
c 3=2þ Λcπ

−
14.7þ0.6

−1.1 15.3þ0.4
−0.5Σ0

cγ 3.1r21 × 10−3

Λc1 1=2− Λcπ
þπ− 0.562-1.09

2.59� 0.30� 0.47
Λcπ

0π0 1.23-2.31
Σþ
c γ 0.25r22

Σ�þ
c γ 0.021r22
Λcγ 0.025r23

Λ�
c1 3=2− Λcπ

þπ− 0.0618-0.507

< 0.97

Λcπ
0π0 0.0431-0.226

Λc1γ 0.13r21 × 10−3

Σþ
c γ 0.12r22

Σ�þ
c γ 0.16r22
Λcγ 0.035r23

Σþ
b 1=2þ Λbπ

þ 6.14þ0.23
−0.45 9.7þ3.8

−2.8
þ1.2
−1.1

Σ0
b 1=2þ Λbπ

0 7.27þ0.27
−0.53 � � �

Λ0
bγ 0.074r24

Σ−
b 1=2þ Λbπ

− 7.02þ0.27
−0.51 4.9þ3.1

−2.1 � 1.1

Σ�þ
b 3=2þ Λ0

bπ
þ 11.0þ0.4

−0.8 11.5þ2.7
−2.2

þ1.0
−1.5

Σþ
b γ 0.42r21 × 10−3

Σ�0
b 3=2þ Λbπ

0 12.3þ0.5
−0.9

Σþ
b γ 0.024r21 × 10−3 � � �

Λbγ 0.074r24
Σ�−
b 3=2þ Λbπ

− 11.9þ0.4
−0.9

Σ−
b γ 0.089r21 × 10−3 7.5þ2.2

−1.8
þ0.9
−1.4

Λbγ 0.099r24
Λb1 1=2− Λbπ

þπ− ð0.67 − 4.4Þ × 10−3

Λbπ
0π0 ð1.4–6.0Þ × 10−3

Σ0
bγ 0.098r22 < 0.66

Σ�0
b γ 0.025r22

Λbγ 0.027r23
Λ�
b1 3=2− Λbπ

þπ− ð0.75 − 13Þ × 10−3

Λbπ
0π0 ð2.2 − 12Þ × 10−3

Λb1γ 0.0013r21 × 10−3 < 0.63
Σ0
bγ 0.031r22

Σ�0
b γ 0.081r22

Λbγ 0.029r23
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based on the chiral SUð3ÞL × SUð3ÞR symmetry. In this
case, the flavor 3̄ representation including ΛQ1 becomes the
chiral partner to the flavor 6 representation includingΣQ.We
leave the analysis for a future publication.
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