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We investigate the three-body decays of Λ�
cð2595Þ and Λ�

cð2625Þ into Λcππ by including a direct process
going through the two-pion coupling of Λ�

cΛcππ in addition to the sequential processes going through
Σcð2455Þ and Σ�

cð2520Þ. The strength of the direct coupling is related to that of the Yukawa coupling by the
chiral partner structure between Λc’s and Σc’s, while the strength of the Yukawa coupling is estimated by
the quark model. It is found that the direct process gives a considerable contribution especially in the decay
of Λ�

cð2625Þ. A clear indication of the direct process is seen in an asymmetric pattern in the angular
correlation between the two pions. We discuss the usefulness of the detailed analysis of the decays for the
study of the structure of Λ�

c.
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I. INTRODUCTION

Three-body decays of heavy baryons have been observed
experimentally and studied theoretically by using various
hadron models [1–5]. Their properties, such as masses
and decay widths, have been extracted, and also spin and
parity JP have been identified [6–9]. For instance, the spin
J ¼ 5=2 of Λ�

cð2880Þ was clearly identified by the decay
angular correlations [6]. Detailed analysis of line shapes of
invariant mass distributions is also useful to know the
internal structures of the resonances in comparison with
theoretical studies.
Among various charmed baryon resonances, the decay

of the lowest one Λ�
cð2595Þ of JP ¼ 1=2− is dominated by

the sequential process through Σcð2455Þ and is well
explained by identifying that resonance with a p-wave λ
mode excitation [4]. Possible sequential processes are
shown by blue-dashed arrows in Fig. 1. The property of
the next one Λ�

cð2625Þ is more interesting because the
decay is dominated by a nonresonant contribution. It was
shown in our previous work that a significant number of the
nonresonant contributions was brought by the tail of the
higher resonance Σ�

cð2520Þ, which is not kinematically
allowed as a real sequential process [4]. Yet, if we take the
upper bound of the current experimental data for Λ�

cð2625Þ

decay width, we would expect some more contributions
from other decay processes.
One of the possible processes for the nonresonant con-

tributions is the direct process as indicated by the red-dashed
arrows in Fig. 1. In this regard, recently Kawakami and
Harada proposed a chiral and heavy quark classification for
the four baryons, Σcð2455; 2520Þ and Λ�

cð2595; 2625Þ [5].
To classify the heavy baryons in chiral partner structure, the
basic idea is to identify light-diquarks in these baryons with
chiral partners each other in the presence of one heavy quark.
One of the nontrivial consequences of their model is that
the coupling strength of the direct process in Λ�

cð2625Þ →
ππΛcðg:s:Þ is related to the Yukawa coupling ofΣ�

cð2520Þ →
πΛcðg:s:Þ. As a consequence, they have found that the direct
process contributes a lot to the total decay width.
In this paper, we study the effect of the direct coupl-

ing of the two pions in the decays of Λ�
cð2595Þ and

FIG. 1. Direct decay processes (red dashed lines) and sequential
decay processes (blue dashed lines) of Λ�

cð2595Þ and Λ�
cð2625Þ.
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Λ�
cð2625Þ. We are not only analyzing the effect in various

Dalitz plots and invariant mass distributions, but also the
angular correlations between the two pions. The presence
of the direct process is clearly indicated by the asym-
metric pattern in angular correlations which can be
measured experimentally.
This paper is organized as follows. In Sec. II, we discuss

the formalism. In Sec. III, we explain the three-body decay
kinematics. In Sec. IV, we discuss the results of three-body
decay with the direct process. Finally, a summary is given
in Sec. V. The detailed calculations of the decay amplitudes
are shown in Appendices A and B. For completeness, the
results from the other quark model assignments to
Λ�
cð2625Þ, ρ mode (j ¼ 1) and (j ¼ 2), are provided in

Appendices C and D.

II. FORMALISM

A. Chiral partner structures

Chiral symmetry relates the positive and negative parity
particles as chiral partners to each other. They are degen-
erate in the chiral limit. Due to the spontaneous breaking of
chiral symmetry, the degeneracy is resolved, and the mass
splitting occurs between the chiral partners.
The study of the chiral partner structure has been done in

many cases [5,10–14]. Recently, Kawakami and Harada
extended this idea to the light-diquarks which can be an
important component of charmed baryons [5]. In this
scheme, the chiral representation includes both positive
and negative parity diquarks which correspond to the
s-wave ground and p-wave excited diquarks, respectively,
in a quark model. By combining them with a charm quark,
they classify the charmed baryons as the chiral partners
each other as depicted in Fig. 2 where heavy quark
symmetry partners are also indicated. We will use the
same assumption in this work. As mentioned before, one of
the important implications of the chiral partner assumption
is that the coupling strength of the direct process is related
to the Yukawa coupling in sequential decays. We will
discuss it in detail in the subsequent subsection.

B. Amplitudes

The amplitudes for the three-body decay of Λ�
c → Λcππ

are described by sequential processes and direct process as

shown in Fig. 3. Here the direct process is the new
ingredient, while the sequential process has been studied
in our previous work [4]. In Fig. 3, the first two diagrams
describe the sequential processes and the last diagram
corresponds to the direct process. By adding the direct
process, we, therefore, have included all possible diagrams
in such an order. In fact, there is a possibility for the
sequential process going through higher Σ�

c resonance, but
the contribution is much suppressed since it is far away
from the Dalitz region.
For Λ�

cð2595Þ decay, the amplitudes of the sequential
processes going through Σcð2455Þ are expressed by

T ðΣ0
cÞ ¼

Gabχ
†
Λc
ðσ · p2ÞχΛ�

c

m23 −mΣ0
c
þ iΓΣ0

c
=2

; ð1Þ

T ðΣþþ
c Þ ¼ Gabχ

†
Λc
ðσ · p1ÞχΛ�

c

m13 −mΣþþ
c

þ iΓΣþþ
c
=2

; ð2Þ

where χ†Λc
and χΛ�

c
are the spin states of Λcðg:s:Þ and Λ�

c,
respectively, and we define p1, p2, and p3 as the four-
momenta of the outgoing πþ, π−, and Λþ

c , respectively, as
depicted in Fig. 3. The invariant massesm23 andm13 are for
the particles 2, 3 and 1, 3, respectively. The coefficient Gab
is given by

Gab ¼ gagb
ffiffiffiffiffiffiffiffiffiffiffi
2mΛ�

c

q ffiffiffiffiffiffiffiffiffiffiffi
2mΛc

q
; ð3Þ

where ga and gb are the Yukawa coupling of the first and
second vertices in the sequential processes as described in
Fig. 3. We omit the contribution of Σ�

cð2520Þ since it is very
small for the case of Λ�

cð2595Þ decay [4]. The charmed
baryon masses and decay widths are adopted from Particle
Data Group (PDG) [15].
For the case of Λ�

cð2625Þ decay, the amplitudes of the
sequential processes going through Σcð2455Þ and Σ�

cð2520Þ
are expressed by

T ðΣ0
cÞ ¼

Fabχ
†
Λc
ðσ · p2Þ

m23 −mΣ0
c
þ iΓΣ0

c
=2

×

�
σ · p1S · p1 −

1

3
σ · Sjp1j2

�
χΛ�

c
;

T ðΣþþ
c Þ ¼ Fabχ

†
Λc
ðσ · p1Þ

m13 −mΣþþ
c

þ iΓΣþþ
c
=2

×
�
σ · p2S · p2 −

1

3
σ · Sjp2j2

�
χΛ�

c
;

T ðΣ�0
c Þ ¼ Fcdχ

†
Λc
ðS · p2ÞχΛ�

c

m23 −mΣ�0
c
þ iΓΣ�0

c
=2

;

T ðΣ�þþ
c Þ ¼ Fcdχ

†
Λc
ðS · p1ÞχΛ�

c

m13 −mΣ�þþ
c

þ iΓΣ�þþ
c

=2
; ð4ÞFIG. 2. Chiral and heavy quark symmetry (HQS) partner

classification between Λc’s and Σc’s.
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where we have defined

Fab ¼ fafb
ffiffiffiffiffiffiffiffiffiffiffi
2mΛ�

c

q ffiffiffiffiffiffiffiffiffiffiffi
2mΛc

q
; ð5Þ

Fcd ¼ fcfd
ffiffiffiffiffiffiffiffiffiffiffi
2mΛ�

c

q ffiffiffiffiffiffiffiffiffiffiffi
2mΛc

q
: ð6Þ

The values fa and fb are the Yukawa coupling of the first
and second vertices in the sequential process through
Σcð2455Þ in the intermediate state, fc and fd are for those
of Σ�

cð2520Þ. The detailed discussion about the amplitudes
of the sequential processes can be found in our previous
work [4].
The direct process amplitudes adopted from Ref. [5] are

given by

T Direct½Λ�
cð2595Þ� ¼

g
fπ

ūΛc
ðp1 þ p2Þμ

�
γμ þ Pμ

M

�
γ5uΛ�

c
;

ð7Þ

T Direct½Λ�
cð2625Þ� ¼

f
fπ

ūΛc
ðp1 þ p2ÞμuμΛ�

c
; ð8Þ

where g and f is the coupling of the direct process for the
decay of Λ�

cð2595Þ and Λ�
cð2625Þ, respectively, and fπ ¼

93 MeV is the pion decay constant. The estimation of the
coupling strength will be given later. The mass and the four-
momentum of the initial Λ�

c are denoted by M and P. The
Dirac spinors uΛc

and uΛ�
c
are for Λcðg:s:Þ and Λ�

c,
respectively. Note that both sequential and direct ampli-
tudes have the same order of chiral expansion in powers of
ðsmall pion momentumÞ=fπ because the coupling con-
stants ga and gb are the matrix elements of the pion quark
coupling of axial vector type with pion momentum.
In our present work, we perform the nonrelativistic

reduction so that the amplitudes are written in terms of
spin matrices as

T Direct½Λ�
cð2595Þ� ¼

G
fπ

χ†Λc
ðσ · ðp1 þ p2ÞÞχΛ�

c
; ð9Þ

T Direct½Λ�
cð2625Þ� ¼

F
fπ

χ†Λc
ðS · ðp1 þ p2ÞÞχΛ�

c
; ð10Þ

where we have defined

G ¼ g
ffiffiffiffiffiffiffiffiffiffiffi
2mΛ�

c

q ffiffiffiffiffiffiffiffiffiffiffi
2mΛc

q
; ð11Þ

F ¼ f
ffiffiffiffiffiffiffiffiffiffiffi
2mΛ�

c

q ffiffiffiffiffiffiffiffiffiffiffi
2mΛc

q
: ð12Þ

It is found that the amplitudes shown in Eqs. (9) and (10)
are unique in the nonrelativistic limit. This can be under-
stood by considering the conservation of spin and parity
of the particles participating in the interaction. The initial
state Λ�

cð1=2− or 3=2−Þ decays into the ground state
Λcð1=2þÞ emitting the two pions (0−). Consequently, the
only possible way is that the pions carry angular momen-
tum l ¼ 1 (p-wave) in order to conserve the total angular
momentum during the decay process.
The p-wave nature of the direct process leads to cos θ12

where the angle θ12 is defined as the angle between the
two pions in the resonance’s rest frame. We can obtain
cos θ12 dependence by taking the square of the amplitude
in Eqs. (9) and (10), respectively. This cos θ12 produces the
asymmetric pattern in the angle correlations between the
two pions.
In order to estimate the direct process coupling strength,

we use the assumption of chiral partner where it is equal
to the Yukawa coupling of the second vertex in the
sequential decay,

Λ�
cð2595Þ∶ g ¼ gb; ð13Þ

Λ�
cð2625Þ∶ f ¼ fd; ð14Þ

where gb is the coupling strength of the second vertex in the
sequential decay going through Σcð2455Þ in Λ�

cð2595Þ
decay, and fd is the coupling strength of Σ�

cð2520Þ
sequential process in Λ�

cð2625Þ decay. The values of gb
and fd are extracted from the quark model for the
sequential processes as in our previous work [4].

III. THREE-BODY DECAY KINEMATICS

The three-body decay width is calculated as

dΓ ¼ ð2πÞ4
2M

jT j2dΦ3ðP;p1; p2; p3Þ ð15Þ

FIG. 3. Feynman diagrams of three-body decay of Λ�
cð2595Þ into Λþ

c π
þπ−. The first two diagrams represent sequential processes

going through Σcð2455Þ0 and Σcð2455Þþþ. The last diagram corresponds to the direct process. For Λ�
cð2625Þ decay, there are additional

sequential processes going through Σ�
cð2520Þ.
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where dΦ3 is an element of the three-body phase space
given by

dΦ3 ¼ δ4ðP − p1 − p2 − p3Þ

×
d3p1

ð2πÞ32E1

d3p2

ð2πÞ32E2

d3p3

ð2πÞ32E3

: ð16Þ

In general, there are five independent kinematical variables
to characterize three-body decays: two invariant masses and
three angles, which determine the orientation of the decay
plane. In unpolarized case, the angular variables become
irrelevant and then the decay depends only on the two
invariant masses.
The standard way to describe the three-body decay is the

so-called Dalitz plot which is represented by two invariant
masses. We can construct three invariant masses as m2

23,
m2

13, andm
2
12 where particles 1, 2, and 3 are assigned to π

þ,
π− and Λþ

c , respectively. In the following sections, we will
show two Dalitz plots in ðm2

23; m
2
13Þ and ðm2

12; m
2
13Þ planes.

The plots in ðm2
12; m

2
23Þ plane shows similar distribution to

the latter one because the masses of particle πþð1Þ and
π−ð2Þ are approximately the same.
Here we are interested in the angular dependence in the

three-body decay. Previously, we ignore the angular
dependence by taking the angle average [4]. However, it
turns out that the angular dependence is important and
useful to see the effect of the direct process.
As anticipated one of important angles in the three-body

decay of Λ�
c → Λcππ is the angle between the two pions in

the resonance’s rest frame, θ12, which corresponds to the
helicity angle. The definition of the angle between the two
pions, θ12, in the rest frame of particle π−ð2Þ and Λþ

c ð3Þ is
depicted in Fig. 4. In the heavy quark limit, the heavy
baryons are approximately treated as static particles, so that
the angle between π and Λc is not relevant. In addition to
the standard Dalitz plot, we will also discuss angular
correlation plots to describe three-body decays in the next
section.

IV. RESULTS AND DISCUSSIONS

A. Λ�
cð2595Þ decay

The first excited state Λ�
cð2595Þ has JP ¼ 1=2− and

Γ ¼ 2.6� 0.6 MeV. This state is expected to be dominated
by p-wave λ mode excitation. The ρ mode assignment
overpredicts the data as shown in Table I. Although the
absolute value itself is not enough to determine the
structure, we will assume λ-mode dominance in this paper
as we discussed previously [4].
Total decay width is well explained by the sequential

process going through the Σcð2455Þ open channel [4,16].
In the present work, we take into account the direct process
and the interference among various terms. We neglect the
contribution from the Σ�

cð2520Þ closed channel since the
contribution is very small [4]. As shown in Table I, the total
decay width of Λ�

cð2595Þ is dominated by the neutral pion
with the Σcð2455Þ open channel and the contribution from
the direct process is small. This can be understood by
considering the s-wave nature of Λ�

cΣcπ coupling and
p-wave of the direct coupling.
Referring to Table I, our result of the branching fraction

of the Σcð2455Þ0πþ channel is given by

BðΣcð2455Þ0πþÞ ¼ 0.082: ð17Þ
Our calculation is reasonably consistent with the
recent branching fraction measurements from Belle,
BðΣcð2455Þ0πþÞ ¼ 0.125� 0.035 [17]. As shown in
Table I, the Σcð2455Þþπ0 neutral channel is dominant as
compared to the other charged channel which leads to the
isospin breaking effect as discussed in our previous work [4].
In Fig. 5, we show the Dalitz plots of Λ�

cð2595Þ →
Λþ
c π

þπ− in ðm2
23; m

2
13Þ plane, as well as the invariant mass

plot with respect to m2
23. The upper figure shows the Dalitz

plot without the direct process, while the middle one with
direct process. As we discussed above, in this work we take
into account the angular dependence properly, while we
took angle average in our previous plot in Fig. 5 in Ref. [4].

FIG. 4. The angle between the two pions in the rest frame of the
intermediate resonance. In this rest frame, Λþ

c and π− are going
back to back.

TABLE I. The contributions of the sequential processes and
direct process to the total decay width of Λ�

cð2595Þ with the λ and
ρ mode quark model assignments (in unit of MeV).

λ mode ρ mode

Contribution j ¼ 1 j ¼ 0 j ¼ 1 Exp. [PDG]

Σ0
cπ

þ 0.182 � � � 0.770 0.624 (24%)
Σþþ
c π− 0.218 � � � 0.946 0.624 (24%)

Direct 0.004 � � � 0.004 � � �
Interference 0.068 � � � −0.122 � � �
Σþ
c π

0 0.719 � � � 7.278 � � �
Direct 0.005 � � � 0.005 � � �
Interference 0.026 � � � −0.090 � � �
Γtotal 2.222 � � � 8.791 2.6� 0.6
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If we took the angle average, equal-strength lines parallel to
either m2

13 or m2
23 axis. By including the angular depend-

ence, they are inclined.
An alternative Dalitz plot in (m2

12, m
2
13) plane shown in

Fig. 6 is useful since it has a larger area that enables us to
observe detailed structures such as the angular dependence
clearly. For the decay ofΛ�

cð2595Þ, the difference in the two
plots is not very large, but we will see a clear difference for
the case of Λ�

cð2625Þ. We can make yet another plot; θ12
angular correlation, which is shown in Fig. 7. As in Figs. 5
and 6, the difference with and without direct process is not
very large. What can be pointed here is that the angular
correlation in Fig. 7, is due to the interference between
Σcð2455Þ in the different charged channels.
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FIG. 5. The Dalitz plots of Λ�
cð2595Þ ½λmode� → Λþ

c π
þπ− in

ðm2
23; m

2
13Þ plane and the invariant mass distribution of m2

23

ðΛþ
c π

−Þ. The upper Dalitz plot is without the direct process and in
the middle one the direct process has been included.
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FIG. 6. The Dalitz plots of Λ�
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12

ðπþπ−Þ. The upper Dalitz plot is without the direct process and in
the middle one the direct process has been included.
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FIG. 7. The angular correlation between the two pions in the
rest frame of particle 2 and 3 for the decay of Λ�

cð2595Þ.
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B. Λ�
cð2625Þ decay

The second resonance Λ�
cð2625Þ has JP ¼ 3=2− and

Γ < 0.97 MeV. Since this state is also expected to be
dominated by λ mode, we will mainly focus on λ mode in
this section. For completeness, we provide the correspond-
ing results for the other excitation modes: ρ mode (j ¼ 1)
and (j ¼ 2) in Appendices C and D.
According to PDG, the decay of this state is dominated

by the nonresonant process. In an attempt to explain the
dominance of the nonresonant process, we have considered
the sequential process going through the Σ�

cð2520Þ closed
channel [4]. In this work, we include the direct process in
addition to the sequential ones. Different from the case of
Λ�
cð2595Þ, the direct process is important in this decay.

It has a considerable contribution as shown in Table II.
Because the Σcð2455Þ open channel is suppressed due to
the d-wave nature, the contribution of the sequential
process becomes relatively smaller as compared to the
direct process of p-wave nature.
By considering the sequential decay going through

the Σ�
cð2520Þ closed channel and the direct process,

we calculate the branching fraction of the Σcð2455Þ0πþ
channel as

BðΣcð2455Þ0πþÞ ¼ 0.065: ð18Þ

The obtained value is consistent with the experimental data
from Belle [18].
For the decay of Λ�

cð2625Þ, the Dalitz plot in ðm2
23; m

2
13Þ

plane is given in Fig. 8. One can notice that the Dalitz plot
with and without the inclusion of the direct process are far
different. Nontrivial structures along the Σcð2455Þ reso-
nance’s bands are due to the angular dependences from the
interference between Σcð2455Þ and the direct process. The
effect of the angular dependences can be seen more clearly

in ðm2
12; m

2
13Þ plane as shown in Fig. 9. In this plot, the

resonance’s band is longer and then such angular depend-
ences can be clearly seen so that it is easier to compare with
the experimental data. The plots show a characteristic
pattern that the decay rate is accumulated on the left side
of the resonance’s band.
Now we would like to see various contributions sepa-

rately. In Fig. 10, we show the contributions of the direct
process and the interference between the direct and the
other processes. An asymmetric pattern is seen in the upper
plot in Fig. 10 which is solely from the direct process. In the
lower plot, there is a large enhancement near the left
boundary of the Σcð2455Þ resonance’s bands due to the
interference between the direct process and the Σcð2455Þ
resonance.

TABLE II. The contributions of the sequential processes and
direct process to the total decay width of Λ�

cð2625Þ with the λ and
ρ mode quark model assignments (in unit of MeV).

λ mode ρ mode

Contribution j ¼ 1 j ¼ 1 j ¼ 2 Exp. [PDG]

Σ0
cπ

þ 0.037 0.019 0.034 <0.050
Σþþ
c π− 0.031 0.016 0.028 <0.050

Σ�0
c πþ 0.044 0.197 0.000 � � �

Σ�þþ
c π− 0.064 0.314 0.000 � � �

Direct 0.061 0.061 0.061 � � �
Interference 0.090 −0.166 −0.011 � � �
Σþ
c π

0 0.056 0.029 0.052 � � �
Σ�þ
c π0 0.072 0.325 0.000 � � �

Direct 0.045 0.045 0.045 � � �
Interference 0.070 −0.130 −0.009 � � �
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FIG. 8. The Dalitz plots of Λ�
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the middle one the direct process has been included.
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Regarding the angular dependences, they are mainly
originated from the direct process and the interference
between the sequential and direct processes. The interfer-
ences between Σcð2455Þ0 and Σcð2455Þþþ are suppressed
because the overlapping region is small as compared to the
total phase space. It is depicted that there is no such a large
interference along Σcð2455Þ resonance’s bands in the top
plot of Fig. 9. Moreover, the interference between Σcð2455Þ
and Σ�

cð2520Þ are more suppressed since there is no
overlapping region between the two resonance’s peaks.
On the other hand, the interferences between the direct
process and the other processes are dominant because the
direct process contribution spreads over a wide region of
the Dalitz plot. In other words, the angular dependences are
mostly originated from the direct process.

The main indication of the presence of the direct process
is the asymmetric pattern in the angular correlations of the
two pions as shown in Fig. 11. The angular correlation is
approximately flat without the direct process which is
contrast with the Λ�

cð2595Þ decay. For Λ�
cð2625Þ, the

angular dependence from the interferences between Σc’s
and Σ�

c’s is suppressed leading to the flat distribution to the
angular correlation. When the direct process is included,
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the asymmetric pattern appears. Therefore, this large
asymmetric pattern can be a strong indication that can
be measured in the experiment in the future. We have
checked this behavior within the uncertainties of the model
parameters [16]. It turns out that the above main feature
does not change much, and the result is rather robust.
Now it is interesting to see the effect of the direct process

in ρ mode excitations. For ρ mode (j ¼ 1), the Σ�
cð2520Þ

contribution is large, while it is small for ρ mode (j ¼ 2).
The difference in their structure leads to various structures in
Dalitz plot as we will discuss in detail in Appendices C
andD,which is useful for the study of the internal structures.

V. SUMMARY

We have investigated the three-body decay of Λ�
cð2595Þ

and Λ�
cð2625Þ. The direct two-pion emission process has

been added in our model in addition to the sequential
processes going through Σcð2455Þ and Σ�

cð2520Þ. We have
estimated the strength of the direct coupling from the
Yukawa coupling of the sequential decay by assuming
the chiral partner structure for the relevant charmed baryon.
In this work, the angular dependences have been taken
account properly in order to investigate the angular corre-
lation between the two pions. Finally, we have calculated the
contribution of the each process to the total decay width.
In addition, we have provided Dalitz plots, invariant mass
distributions, pion angular correlations in the presence of the
direct process. Those observables give the constrains to
disentangle the internal structure of the charmed baryon.
For Λ�

cð2595Þ decay, the direct process does not give a
significant contribution. On the other hand, for the case of
Λ�
cð2625Þ with λ mode assignment, the direct process

contribution is large and it is found that the asymmetric
pattern occurs in the pion angular correlations. This
asymmetric pattern can be measured experimentally to
indicate an important role of the direct process especially in
the three-body decay of Λ�

cð2625Þ.
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APPENDIX A: Λ�
cð2595Þ DECAY AMPLITUDE

The amplitude of Λ�
cð2595Þ decay is expressed by

T 1ðΣ0
cÞ ¼ G1χ

†
Λc
ðσ · p2ÞχΛ�

c
;

T 2ðΣþþ
c Þ ¼ G2χ

†
Λc
ðσ · p1ÞχΛ�

c
;

T 3ðDirectÞ ¼ G3χ
†
Λc
ðσ · ðp1 þ p2ÞÞχΛ�

c
; ðA1Þ

where Gi contains the information about the coupling
constant, normalization, and the Breit-Wigner parameter-
ization for each channel. For example, the first quantity is
described as

G1 ¼
gagb

ffiffiffiffiffiffiffiffiffiffiffi
2mΛ�

c

p ffiffiffiffiffiffiffiffiffiffiffi
2mΛc

p

ðm23 −mΣ0
c
Þ þ iΓΣ0

c
=2

: ðA2Þ

The other quantities can be derived accordingly. For the
direct process, the quantity is written as

G3 ¼
gb
fπ

ffiffiffiffiffiffiffiffiffiffiffi
2mΛ�

c

q ffiffiffiffiffiffiffiffiffiffiffi
2mΛc

q
: ðA3Þ

The estimation of the coupling strength is based on the
discussion in Sec. II.
The squared amplitude with the spin sum of final states

and spin average of initial spin states is given by

X
jT j2 ¼

X
jT 1 þ T 2 þ T 3j2: ðA4Þ

Therefore, the result can be written as

jT 1j2 ¼jG1j2jp2j2;
jT 2j2 ¼jG2j2jp1j2;
jT 3j2 ¼jG3j2ðjp1j2 þ jp2j2 þ 2jp1jjp2j cos θ12Þ: ðA5Þ

From the equations above, we can observe that the direct
process has cos θ12 dependence which is the source of
asymmetry in the angular correlation. For the case of the
sequential decay through Σcð2455Þ, no angular depend-
ences appear resulting to a flat distribution.
For the case of angle average, the interference parts

vanish. But, the interference parts turns out to be important
if we take into account the angular dependence. The
interference between Σcð2455Þþþ and Σcð2455Þ0 is

T 1T �
2 ¼ G1G�

2jp1jjp2j cos θ12: ðA6Þ

The interference between Σc’s is the main source of
asymmetric pattern in Λ�

cð2595Þ decay. The interference
between direct process and sequential process also produce
cos θ12 dependence as given by

T 1T �
3 ¼ G1G�

3ðjp2j2 þ jp1jjp2j cos θ12Þ;
T 2T �

3 ¼ G2G�
3ðjp1j2 þ jp1jjp2j cos θ12Þ: ðA7Þ

But, the contribution to the asymmetric pattern is small
since the direct process is suppressed.
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APPENDIX B: Λ�
cð2625Þ DECAY AMPLITUDE

The amplitude of Λ�
cð2625Þ decay is expressed by

T 1ðΣ0
cÞ ¼ F1χ

†
Λc
ðσ · p2Þ

×

�
σ · p1S · p1 −

1

3
σ · Sjp1j2

�
χΛ�

c
;

T 2ðΣ�0
c Þ ¼ F2χ

†
Λc
ðS · p2ÞχΛ�

c
;

T 3ðΣþþ
c Þ ¼ F3χ

†
Λc
ðσ · p1Þ

×

�
σ · p2S · p2 −

1

3
σ · Sjp2j2

�
χΛ�

c
;

T 4ðΣ�þþ
c Þ ¼ F4χ

†
Λc
ðS · p1ÞχΛ�

c
;

T 5ðDirectÞ ¼ F5χ
†
Λc
ðS · ðp1 þ p2ÞÞχΛ�

c
; ðB1Þ

where Fi has similar structures as in Eqs. (A2) and (A3).
The squared amplitude with the spin sum of final state

and spin average of initial spin state is given by

X
¯jT j2 ¼

X
jT 1 þ T 2 þ T 3 þ T 4 þ T 5j2: ðB2Þ

Then, the squared amplitude reads

jT 1j2 ¼
1

3
jF1j2jp1j4jp2j2;

jT 2j2 ¼
1

3
jF2j2jp2j2;

jT 3j2 ¼
1

3
jF3j2jp2j4jp1j2;

jT 4j2 ¼
1

3
jF4j2jp1j2;

jT 5j2 ¼
1

3
jF5j2ðjp1j2 þ jp2j2 þ 2jp1jjp2j cos θ12Þ: ðB3Þ

If the initial particle is polarized, the sequential decay
process going through Σ�

cð2520Þ produces the angular
dependences such as

jT 2j2ðh ¼ þ1=2Þ ¼ 1

3
jF2j2jp2j2ð3 cos2 θ12 þ 1Þ; ðB4Þ

jT 2j2ðh ¼ þ3=2Þ ¼jF2j2jp2j2 sin2 θ12: ðB5Þ

But, they will vanish in unpolarized case. The interferences
between Σcð2455Þð0;þþÞ and Σ�

cð2520Þð0;þþÞ are given by

T 1T �
2 ¼

1

6
F1F�

2jp1j2jp2j2ð3cos2θ12 − 1Þ;

T 3T �
4 ¼

1

6
F3F�

4jp1j2jp2j2ð3cos2θ12 − 1Þ;

T 1T �
4 ¼

1

3
F1F�

4jp1j3jp2j cos θ12;

T 2T �
3 ¼

1

3
F2F�

3jp2j3jp1j cos θ12: ðB6Þ

The interference between Σcð2455Þ and Σ�
cð2520Þ in the

same charged channel gives the symmetric pattern, but the
interference between them in the different charged channel
gives the asymmetric pattern. The interference between
Σcð2455Þþþ and Σcð2455Þ0 is written as

T 1T �
3 ¼

1

3
F1F�

3jp1j3jp2j3ð3 cos2 θ12 − 2Þ cos θ12: ðB7Þ

The interference between Σcð2520Þ�þþ and Σcð2520Þ�0 is

T 2T �
4 ¼

1

6
F2F�

4jp1jjp2j cos θ12: ðB8Þ

The interferences between the direct process and the
sequential processes are given by

T 1T �
5 ¼

1

2
F1F�

5jp1j3jp2j

×

�
2 cos θ12 þ

jp2j
jp1j

�
3 cos2 θ12 − 1

��
;

T 3T �
5 ¼

1

2
F3F�

5jp2j3jp1j

×

�
2 cos θ12 þ

jp1j
jp2j

�
3 cos2 θ12 − 1

��
;

T 2T �
5 ¼

1

6
F2F�

5ðjp2j2 þ jp1jjp2j cos θ12Þ;

T 4T �
5 ¼

1

6
F4F�

5ðjp1j2 þ jp1jjp2j cos θ12Þ: ðB9Þ

APPENDIX C: Λ�
cð2625Þ [ρ MODE (j= 1)]

For the decay of Λ�
cð2625Þ with ρ mode (j ¼ 1), the

Σ�
cð2520Þ closed channel is very large as shown in Table II.

One can observe that the large contribution of Σ�
cð2520Þ is

reflected as the large enhancement near the boundaries of
the Dalitz plots and the invariant mass distribution in
Fig. 12. For this assignment, the contribution of the direct
process is relatively smaller than the Σ�

cð2520Þ closed
channel. In other words, the nonresonant contribution for
this decay is mostly originated from the Σ�

cð2520Þ closed
channel.
When we take into account the direct process, the

interferences between the direct process and the sequential
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processes give destructive patterns as tabulated in Table II.
The suppression in the invariant mass distribution and the
angular correlations are seen in Figs. 12 and 13, respec-
tively. Due to the destructive interference, the structure
along the Σcð2455Þ resonance’s band has different shape in
comparison with λ mode case in Fig. 8. There is no
enhanced part in the end of the resonance’s band in ρ
mode case.
The interferences between Σ�

cð2520Þ’s become much
enhanced because of the strong coupling to Σ�

cð2520Þ.
As a consequence, large asymmetric pattern can be seen
in angular correlations without direct process as shown
in Fig. 13. This is because the interferences between
Σ�
cð2520Þ’s giving cos θ12 dependence is now significant.
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FIG. 13. The angular correlation between the two pions in the
rest frame of particle 2 and 3 for the decay of Λ�

cð2625Þ with ρ
mode (j ¼ 1).
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For Λ�
cð2625Þ with ρ mode (j ¼ 1), the indication of the

direct process is not clear as λ mode case, since cos θ12
dependence is now dominated from the interference
between Σ�

cð2520Þ0 and Σ�
cð2520Þþþ, not from the direct

process. Even without the direct process, the angular
correlation has already exhibited the asymmetric pattern.
In this assignment, the angular correlation with the direct
process shows similar structure to λ mode case. The
difference is the source of generating the asymmetric pattern
in angular correlation. One possible way to distinguish
either λ or ρ mode (j ¼ 1) is by measuring the invariant
mass distribution, they really exhibit different structures.

APPENDIX D: Λ�
cð2625Þ [ρ MODE (j= 2)]

In the last assignment for Λ�
cð2625Þ, namely ρ mode

(j ¼ 2), we can see that the contribution from the Σ�
cð2520Þ

closed channel is extremely small as shown in Table II. It is
opposite to the fact that the nonresonant contribution is
considerably large according to PDG. In this point of view,
we can rule out the possibility of Λ�

cð2625Þ to be ρ mode
with j ¼ 2. Nevertheless, the effect of the inclusion of the
direct process is still of the interest to discuss. In this case,
any asymmetric pattern can be roughly considered as the
consequence of the direct process completely due to small
contribution from Σ�

cð2520Þ.

TheDalitz plots in ðm2
23; m

2
12Þ plane and the invariant mass

distribution of Λþ
c π

− with and without the direct process are
given in Fig. 14. The destructive interferences between
the direct process and the sequential processes produce the
similar angle dependences with ρ mode (j ¼ 1) in the
Σcð2455Þ resonance’s band. Due to angle dependences
coming from the destructive interferences, a fake peak appears
between the Σcð2455Þ0 and the Σcð2455Þþþ resonance’s
peaks in invariant mass distribution as shown in Fig. 14. The
angular correlation also shows the asymmetric pattern due to
the presence of the direct process as shown in Fig. 15.
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