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We perform a global fit to the experimental data of two-body charmed baryon decays based on the
topological diagrammatic approach (TDA) and take into account the phase shifts between S- and P-wave
amplitudes as inspired by the recent BESIII measurement of the decay asymmetry in the decay
Λþ
c → Ξ0Kþ. The TDA has the advantage that it is more intuitive, graphic, and easier to implement

model calculations. The measured branching fractions and decay asymmetries are well accommodated in
the TDA except for a few modes, in particular, the predicted BðΞ0

c → Ξ−πþÞ ¼ ð2.83� 0.10Þ% is larger
than its current value. The equivalence of the TDA and the irreducible SU(3) approach (IRA) is established.
We show that the number of the minimum set of tensor invariants in the IRA and the topological amplitudes
in the TDA is the same and present their relations. The predicted magnitudes of S- and P-wave amplitudes
and their phase shifts are presented for measured and yet-to-be-measured modes in both the TDA and IRA
which can be tested in the near future. Besides the decay Λþ

c → Ξ0Kþ, there exist several modes which
proceed only through W-exchange. In particular, the observed channel Ξ0

c → ΣþK− should have phase
shifts similar to that in Λþ

c → Ξ0Kþ and its decay asymmetry is predicted to be −0.21� 0.17which can be
used to test our theoretical framework. In contrast, the TDA leads to a large α of order −0.93 for the decay
Ξþ
c → Ξ0πþ even after the phase-shift effect is incorporated in the fit.

DOI: 10.1103/PhysRevD.109.114027

I. INTRODUCTION

The progresses in the study of hadronic decays of
charmed baryons, both experimentally and theoretically,
had been very slow before 2014. Not only most of the
experimental measurements were older ones (for a review,
see Refs. [1,2]), but also almost all the model calculations
of charmed baryon decays were carried out before millen-
nium. Indeed, theoretical interest in hadronic weak decays
of charmed baryons peaked around the early 1990s and
then faded away.
This situation was drastically changed after 2014 as there

were several major breakthroughs in charmed-baryon
experiments in regard to the weak decays of Λþ

c and
Ξþ;0
c (for a review, see Refs. [3,4]). For example, the

absolute branching fraction of Λþ
c → pK−πþ, which is a

benchmark for nearly all other branching fractions of Λþ
c ,

has been measured by Belle [5] and BESIII [6] independ-
ently with much smaller uncertainties. In 2015 BESIII has
measured the absolute branching fractions of Λþ

c for more
than a dozen of decay modes directly for the first time [6].
This is a milestone in the study of hadronic charmed baryon
decays. Likewise, Belle has reported the first measurements
of the absolute branching fractions of Ξ0

c → Ξ−πþ,
Ξþ
c → Ξ−πþπþ, and Ξþ

c → pK−πþ for the Ξþ;0
c sys-

tems [7,8].
Considering the charmed baryon decay Bc → Bf þ P

with P being a pseudoscalar meson and Bc, Bf the charmed
baryon and final-state baryon, respectively, its general
decay amplitude reads,

MðBc → Bf þ PÞ ¼ iūfðA − Bγ5Þuc; ð1Þ

where A and B correspond to the parity-violating S-wave
and parity-conserving P-wave amplitudes, respectively. In
general, they receive both factorizable and nonfactorizable
contributions,
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A ¼ Afac þ Anf ; B ¼ Bfac þ Bnf : ð2Þ

In the 1990s various approaches were developed to
describe the nonfactorizable effects in hadronic decays
of the charmed baryons Λþ

c , Ξþ;0
c , and Ω0

c. These include
the covariant confined quark model, the pole model and
current algebra (see Refs. [3,4] for references therein).
Besides the dynamical model calculations, a very prom-

ising approach is to use the approximate SU(3) flavor
symmetry of QCD to describe the two-body nonleptonic
decays of charmed baryons. There exist two distinct ways
in realizing the flavor symmetry, the irreducible SU(3)
approach (IRA) and the topological diagram approach
(TDA). They provide a powerful tool for a model-inde-
pendent analysis. Among them, the IRA has become very
popular in the past few years. In the IRA, SU(3) tensor
invariants are constructed through the short-distance effec-
tive Hamiltonian, while in the TDA, the topological
diagrams are classified according to the topologies in the
flavor flow of weak decay diagrams with all strong-
interaction effects included implicitly.
Within the framework of the IRA, two-body nonleptonic

decays of charmed baryons were first analyzed in
Refs. [9,10] followed by the analysis of Cabibbo-sup-
pressed in Ref. [11]. After 2014, this approach became
rather popular [12–18]. However, the early studies of the
IRA have overlooked the fact that charmed baryon decays
are governed by several different partial-wave amplitudes
which have distinct kinematic and dynamic effects. In other
words, S- and P-waves were not distinguished in the early
analysis and the IRA amplitudes are fitted only to the
measured rates. After the pioneer work in Ref. [19], it
became a common practice to perform a global fit of both
S- and P-wave parameters to the data of branching fractions
and decay asymmetries [20–24]. Just like the case of
hyperon decays, nontrival relative strong phases between
S- and P-wave amplitudes may exist, but they were usually
not considered in realistic model calculations of the decay
asymmetry α.
The first analysis of two-body nonleptonic decays of

antitriplet charmed baryons Bcð3̄Þ → Bð8ÞMð8þ 1Þwithin
the framework of the TDAwas performed by Kohara [25].
A subsequent study was given by Chau, Cheng, and Tseng
(CCT) in Ref. [26]. Among the recent analyses in the TDA
[18,27–29],1 there are 19 TDA amplitudes and seven
topological diagrams in Ref. [18]. Authors of Ref. [27]
followed the Kohara’s scheme closely with eight topologi-
cal diagrams and eight TDA amplitudes, but did not
distinguish between S- and P-wave contributions and hence
the topological amplitudes were fitted to the branching

fractions only. Therefore, unlike the IRA, global fits to the
rates and decay asymmetries are still absent in the TDA.
Although the TDA has been applied very successfully to

charmed meson decays [30–32], its application to charmed
baryon decays is more complicated than the IRA. As
stressed in Ref. [18], it is easy to determine the independent
amplitudes in the IRA, while the TDA gives some
redundancy. Some of the amplitudes are not independent
and therefore should be absorbed into other amplitudes.
Nevertheless, the TDA has the advantage that it is more
intuitive, graphic, and easier to implement model calcu-
lations. The extracted topological amplitudes by fitting to
available data will enable us to probe the relative impor-
tance of different underlying decay mechanisms, and to
relate one process to another at the topological amplitude
level. In this work, we are going to show that the TDA is
applicable to charmed baryon decays as well and it has the
same number of independent amplitudes as that of the IRA.
The Cabibbo-favored mode Λþ

c → Ξ0Kþ which pro-
ceeds only throughW-exchange deserves special attention.
Early studies in 1990s indicated that its S- and P-wave
amplitudes are very small due to strong cancellation
between various terms (see e.g., Ref. [33]). For example,
the use of current algebra implies a vanishing S-wave in the
SU(3) limit. Consequently, the calculated branching frac-
tion is too small compared to experiment and the predicted
α is zero owing to the vanishing S-wave amplitude. It is
thus striking that the approach based on the IRA tends to
predict a large decay asymmetry close to unity [19–21].
This long-standing puzzle was finally resolved by a recent
BESIII measurement [34]. Not only the decay asymmetry
αΞ0Kþ ¼ 0.01� 0.16 was found to be consistent with zero,
but also the measured Lee-Yang parameter βΞ0Kþ ¼
−0.64� 0.69 was nonzero, implying a phase difference
between S- and P-wave amplitudes, δP − δS ¼ −1.55�
0.25 or 1.59� 0.25 rad. Since j cosðδP − δSÞj ∼ 0.02, this
accounts for the smallness of αΞ0Kþ . This first direct
evidence supporting the existence of strong phases in the
partial-wave amplitudes of hadronic charmed baryon
decays plays a pivotal role in a further exploration of
CP violation in the charmed baryon sector.
Recently, a new analysis of charmed baryon decays

based on the IRA that takes into account the phase shifts of
the partial-wave amplitudes has been put forward in
Ref. [35]. In this work we shall perform a similar study
within the framework of the TDA. Since the TDA has been
applied very successfully to charmed meson decays, it is
conceivable that the same approach is applicable to the
charmed baryon sector.
The layout of this work is as follows. In Sec. II we first

discuss the choice of octet-baryon wave functions. After
writing down the general expression of the decay ampli-
tudes in the TDA, we show that the number of independent
amplitudes can be reduced through the Körner-Pati-Woo
theorem and the removal of redundancy. The equivalence

1The TDA analysis in Ref. [28] did not assign the appropriate
weight factors for the relevant topological diagrams in each
decay.
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of the TDA and IRA is explicitly demonstrated in Sec. III.
Section IV is devoted to the numerical analysis and fitting
results. Section V comes to our conclusions. The relevant
experimental results are collected in the Appendix. A short
version of this work has been presented in Ref. [36].

II. FORMALISM

Since baryons are made of three quarks in contrast to two
quarks for the mesons, the application of TDA to the
baryon case will inevitably lead to some complications. For
example, the symmetry of the quarks in flavor space could
be different. As stated in the Introduction, there exist two
seemingly different analyses of two-body nonleptonic
decays of antitriplet charmed baryons within the framework
of the TDA; one by Kohara [25] and the other by Chau,
Cheng, and Tseng (CCT) in Ref. [26]. The difference
between Kohara and CCT lies in the choice of the wave
functions of octet baryons,

jBm;kð8Þi ¼ ajχmð1=2ÞA12
ijψkð8ÞA12

i
þ bjχmð1=2ÞS12ijψkð8ÞS12i; ð3Þ

with jaj2 þ jbj2 ¼ 1 in Ref. [26], and

jB̃m;kð8Þi ¼ αjχmð1=2ÞA12
ijψkð8ÞA12

i
þ βjχmð1=2ÞA23

ijψkð8ÞA23
i ð4Þ

in Ref. [25], where χmð1=2ÞA;S are the spin parts of the
wave function defined in Eq. (23) of Ref. [26] and

jψkð8ÞA12
i ¼

X
qa;qb;qc

j½qaqb�qcih½qaqb�qcjψkð8ÞA12
i;

jψkð8ÞS12i ¼
X

qa;qb;qc

jfqaqbgqcihfqaqbgqcjψkð8ÞS12i; ð5Þ

are the octet baryon states that are antisymmetric and
symmetric in the first two quarks, denoted by ½� and fg,
respectively. As shown explicitly in Ref. [37], physics is
independent of the convention one chooses. The TDA
amplitudes expressed in the schemes with Bm;kð8Þ and
B̃m;kð8Þ are equivalent. Nevertheless, we prefer to use the
bases ψkð8ÞA12

and ψkð8ÞS12 as they are orthogonal to each
other, while ψkð8ÞA12

and ψkð8ÞA23
are not.

To construct the decay amplitudes of Bcð3̄Þ →
Bð8ÞMð8þ 1Þ decays in the TDA, we first specify the
building blocks. The antitriplet charmed baryons are
usually presented by

ðBcÞi ¼ ðΞ0
c;−Ξþ

c ;Λþ
c Þ: ð6Þ

For the purpose of constructing the TDA amplitudes, it is
more convenient to group them into an antisymmetric
matrix ðBcÞij ¼ ϵijkðBcÞk,

ðBcÞij ¼

0
B@

0 Λþ
c Ξþ

c

−Λþ
c 0 Ξ0

c

−Ξþ
c −Ξ0

c 0

1
CA: ð7Þ

The superscripts i and j also stand for the light quark
flavors. For example, ðBcÞ12 refers to the charmed baryon
state Λþ

c with the quark content cud. The lowest-lying octet
baryons Bð8Þ are normally represented in the matrix form,

ðB8Þij¼

0
BBB@

1ffiffi
6

p Λ0þ 1ffiffi
2

p Σ0 Σþ p

Σ− 1ffiffi
6

p Λ0− 1ffiffi
2

p Σ0 n

Ξ− Ξ0 −
ffiffi
2
3

q
Λ0

1
CCCA: ð8Þ

However, for the TDA purpose it is more convenient to
introduce the antisymmetric tensor ϵijk to write
ðB8Þijk ¼ ϵijlðBT

8 Þlk. The quark content of the baryon can
be read from the subscript ijk. For example, ðB8Þ121 ¼
ðB8Þudu ¼ p and ðB8Þ122 ¼ ðB8Þudd ¼ n. Tensor form of
the nonet pseudoscalar mesons Mð8þ 1Þ reads,

Mi
j ¼

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;

ð9Þ

or

Mi
j ¼

0
BBB@

π0þηqffiffi
2

p πþ Kþ

π−
−π0þηqffiffi

2
p K0

K− K̄0 ηs

1
CCCA; ð10Þ

with

η8 ¼
ffiffiffi
1

3

r
ηq −

ffiffiffi
2

3

r
ηs; η1 ¼

ffiffiffi
2

3

r
ηq þ

ffiffiffi
1

3

r
ηs: ð11Þ

The physical states η and η0 are given by�
η

η0

�
¼

�
cosϕ − sinϕ

sinϕ cosϕ

��
ηq

ηs

�

¼
�
cos θ − sin θ

sin θ cos θ

��
η8

η1

�
; ð12Þ

where the mixing angles θ and ϕ are related through the
relation θ ¼ ϕ − arctan−1

ffiffiffi
2

p
. For ϕ ¼ 40°, one will have

θ ¼ −15°. In Eqs. (9) and (10), the superscript i stands for
the quark flavor, while the subscript j for the antiquark
flavor.
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In terms of the baryon and meson states, we follow Ref. [18] to write down the general expression of the decay
amplitudes in the TDA,

ATDA ¼TðBcÞijHkm
l Ml

m½b1ðB8Þijkþb2ðB8Þikjþb3ðB8Þjki�þCðBcÞijHml
k Mk

m½b4ðB8Þijlþb5ðB8Þiljþb6ðB8Þjli�
þC0ðBcÞijHkl

mMm
i ½b7ðB8Þkljþb8ðB8Þkjlþb9ðB8Þljk�þE1ðBcÞijHkl

i M
m
l ½b10ðB8Þjkmþb11ðB8Þjmkþb12ðB8Þkmj�

þE2ðBcÞijHkl
i M

m
k ½b13ðB8Þjlmþb14ðB8Þjmlþb15ðB8Þlmj�þE3ðBcÞijHkl

i M
m
j ½b16ðB8Þklmþb17ðB8Þkmlþb18ðB8Þlmk�

þEhðBcÞijHkl
i M

m
m½b19ðB8Þjklþb20ðB8Þjlkþb21ðB8Þklj�; ð13Þ

where the flavor indices of weak interactions are related to the H matrix with the nonvanishing elements,

H31
2 ¼ V�

csVud; H31
3 ¼ V�

csVus; H21
2 ¼ V�

cdVud; H21
3 ¼ V�

cdVus: ð14Þ

The corresponding topological diagrams are depicted in
Fig. 1: the externalW-emission, T; the internalW-emission
C; the inner W-emission C0; W-exchange diagrams E1, E2,
E3, and the hairpin diagram Eh. We shall see shortly that
there exist two different types of E1 and E2 diagrams.
Notice that ATDA in Eq. (13) is the same as Eq. (80) of
Ref. [18] except that we add one more term to T and one to
C for the reason of completeness.
At first sight, it appears that there are 21 amplitudes and

seven topological diagrams. However, because the two
light quarks of the antitriplet charmed baryon are anti-
symmetric in flavor, so are the two spectator quarks qi and
qj in diagrams T and C (see Fig. 1). This implies that b3 ¼
−b2 and b6 ¼ −b5. Moreover, the final-state quarks ql and
qk in topological diagrams C0, E3, and Eh must be

antisymmetric in flavor owing to the Körner-Pati-Woo
(KPW) theorem which states that the quark pair in a baryon
produced by weak interactions is required to be antisym-
metric in flavor in the SU(3) limit [38]. This amounts to
having b9¼−b8, b18¼−b17, andb20 ¼ −b19. Furthermore,
we notice that the combinations of the coefficients b1 þ b2,
b4 þ b5, b7 þ b8, b16 þ b17, and b21 − b19 always appear in
the decay amplitudes [18]. Hence, all of them can be
absorbed into the topological amplitudes T, C, C0, E3, and
Eh, respectively. Consequently, the number of independent
TDA amplitudes is reduced from 21 to 11.
In this work we shall employ the octet-baryon wave

function Bm;kð8Þ given by Eq. (3) and keep in mind that
physics is independent of the choice of the baryon wave
function, Bm;kð8Þ or B̃m;kð8Þ. Under this convention, we are

FIG. 1. Topological diagrams contributing to Bcð3̄Þ → Bð8ÞMð8þ 1Þ decays.
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forced to have b12 ¼ b11 and b15 ¼ b14. This means that
the topological diagram E1 is decomposed into two; E1A
and E1S which are antisymmetric and symmetric in the
quark pair qj and qk, respectively. Likewise, the topological

diagram E2 is also decomposed into E2A and E2S (see
Fig. 1). Absorbing the coefficients into the TDA ampli-
tudes, the decay amplitudes of Bcð3̄Þ → Bð8ÞMð8þ 1Þ in
the TDA thus have the expressions,

ATDA ¼ TðBcÞijHkm
l ðB8ÞijkMl

m þ CðBcÞijHml
k ðB8ÞijlMk

m þ C0ðBcÞijHkl
mðB8ÞkljMm

i

þ E1AðBcÞijHkl
i ðB8ÞjkmMm

l þ E1SðBcÞijHkl
i M

m
l ½ðB8Þjmk þ ðB8Þkmj�

þ E2AðBcÞijHkl
i ðB8ÞjlmMm

k þ E2SðBcÞijHkl
i M

m
k ½ðB8Þjml þ ðB8Þlmj�

þ E3ðBcÞijHkl
i ðB8ÞklmMm

j þ EhðBcÞijHkl
i ðB8ÞkljMm

m; ð15Þ

where E1A ¼ b10E1 and E1S ¼ b11E1 and likewise E2A ¼
b13E2 and E2S ¼ b14E2. However, the final-state quarks ql
and qk in the diagrams E1A;1S and E2A;2S are required by the
KPW theorem be flavor antisymmetric in the SU(3) limit.
Consequently, we are led to

E2A ¼ −E1A; E2S ¼ −E1S: ð16Þ

As a result, the number of independent topological dia-
grams depicted in Fig. 1 and the TDA amplitudes in
Eq. (15) is 7.
Ifwe choose B̃m;k given inEq. (4) as the octet-baryonwave

function, we will have b11 ¼ b14 ¼ 0. Consequently, the
topological diagrams E1S and E2S in Fig. 1 are replaced by
E0
1A and E0

2A, respectively. They are antisymmetric in the
quark pairs ðqk; qmÞ and ðql; qmÞ, respectively. In this case,
the TDA amplitudes read,

ÃTDA ¼ TðBcÞijHkm
l ðB8ÞijkMl

m þ CðBcÞijHml
k ðB8ÞijlMk

m þ C0ðBcÞijHkl
mðB8ÞkljMm

i þ E1AðBcÞijHkl
i ðB8ÞjkmMm

l

þ E0
1AðBcÞijHkl

i ðB8ÞkmjM
m
l þ E2AðBcÞijHkl

i ðB8ÞjlmMm
k þ E0

2AðBcÞijHkl
i ðB8ÞlmjM

m
k þ E3ðBcÞijHkl

i ðB8ÞklmMm
j

þ EhðBcÞijHkl
i ðB8ÞkljMm

m: ð17Þ

Just like the previous case, the final-state quarks ql and qk
in theW-exchange diagrams E1A;2A and E0

1A;2A are required
be flavor antisymmetric. This implies that,

E2A ¼ −E1A; E0
2A ¼ −E0

1A: ð18Þ

Note that ÃTDA is the starting point of Ref. [27] for
analyzing charmed baryon decays in the TDA. However,
the relations shown in Eq. (18) were not utilized by the
authors.
Working out Eq. (15) for Bcð3̄Þ → Bð8ÞMð8þ 1Þ

decays, we obtain the TDA decay amplitudes listed in
Tables I and II. It is straightforward to show that the
expressions of the TDA amplitudes agree with CCT [26]
through the following relations:

AA ¼ −4T; BA ¼ 2C0; B0
A ¼ −4C; C1A ¼ 2E3;

C2A ¼ −C0A ¼ 2E1A; C2S ¼ −C0S ¼ −2
ffiffiffi
3

p
E1S; ð19Þ

where AA, BA, B0
A, C1A, C2A, C

0
A, C2S, and C0S are the TDA

amplitudes defined in Ref. [26]. The agreement is non-
trivial in view of the different methodologies adopted in
[26] and here. Among the seven TDA amplitudes given in

Eq. (15), there still exist two redundant degrees of freedom
through the redefinitions [26],

T̃ ¼ T − E1S; C̃ ¼ Cþ E1S; C̃0 ¼ C0 − 2E1S;

Ẽ1 ¼ E1A þ E1S − E3; Ẽh ¼ Eh þ 2E1S: ð20Þ

A closer look of the TDA amplitudes of Cabibbo-favored,
singly Cabibbo-suppressed and doubly Cabibbo-sup-
prerssed decays given in Tables I and II shows that E1S
can be absorbed by T, C, C0, E1, and Eh, as shown in the
above equation. Hence, the redundant E1S can be elimi-
nated. Also the amplitude E3 is always accompanied by
E1A þ E1S. Consequently, it can be absorbed by the
combination of E1A þ E1S. As a result, among the seven
topological amplitudes T, C, C0, E1A, Eh, E1S, and E3, the
last two are redundant degrees of freedom and can be
omitted through redefinitions.
In Tables I and II we shall use gTDA to denote the tilde

TDA amplitudes. By now it is clear that the minimum set of
the topological amplitudes is 5. This is in agreement with
the number of tensor invariants found in the IRA [35] (see
also Sec. III).
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TABLE I. TDA amplitudes for Cabibbo-favored (upper part) and singly Cabibbo-suppressed (lower part)
Bcð3̄Þ → Bð8ÞMð8þ 1Þ decays. Expressions of gTDA amplitudes are obtained using Eq. (20).

Channel TDA gTDA
Λþ
c → Λπþ 1ffiffi

6
p ð−4T þ C0 þ E1A þ 3E1S − E3Þ 1ffiffi

6
p ð−4T̃ þ C̃0 þ Ẽ1Þ

Λþ
c → Σ0πþ 1ffiffi

2
p ð−C0 − E1A þ E1S þ E3Þ 1ffiffi

2
p ð−C̃0 − Ẽ1Þ

Λþ
c → Σþπ0 1ffiffi

2
p ðC0 þ E1A − E1S − E3Þ 1ffiffi

2
p ðC̃0 þ Ẽ1Þ

Λþ
c → Σþη8 1ffiffi

6
p ð−C0 þ E1A þ 3E1S − E3Þ 1ffiffi

6
p ð−C̃0 þ Ẽ1Þ

Λþ
c → Σþη1 1ffiffi

3
p ð−C0 þ E1A − 3E1S − E3 − 3EhÞ 1ffiffi

3
p ð−C̃0 þ Ẽ1 − 3ẼhÞ

Λþ
c → Ξ0Kþ E1A þ E1S − E3 Ẽ1

Λþ
c → pK̄0 2Cþ 2E1S 2C̃

Ξ0
c → ΛK̄0 1ffiffi

6
p ð2C − C0 − E1A þ 3E1S þ E3Þ 1ffiffi

6
p ð2C̃ − C̃0 − Ẽ1Þ

Ξ0
c → Σ0K̄0 1ffiffi

2
p ð2Cþ C0 þ E1A þ E1S − E3Þ 1ffiffi

2
p ð2C̃þ C̃0 þ Ẽ1Þ

Ξ0
c → ΣþK− −E1A − E1S þ E3 −Ẽ1

Ξ0
c → Ξ0π0 1ffiffi

2
p ð−C0 þ 2E1SÞ 1ffiffi

2
p ð−C̃0Þ

Ξ0
c → Ξ0η8

1ffiffi
6

p ðC0 þ 2E1A − 2E3Þ 1ffiffi
6

p ðC̃0 þ 2Ẽ1Þ
Ξ0
c → Ξ0η1

1ffiffi
3

p ðC0 þ 3E1S − E1A þ E3 þ 3EhÞ 1ffiffi
3

p ðC̃0 − Ẽ1 þ 3fEhÞ
Ξ0
c → Ξ−πþ 2T − 2E1S 2T̃

Ξþ
c → ΣþK0 −2C − C0 −2C̃ − C̃0

Ξþ
c → Ξ0πþ −2T þ C0 −2T̃ þ C̃0

Λþ
c → ΛKþ 1ffiffi

6
p ð−4T þ C0 − 2E1A þ 2E3Þ 1ffiffi

6
p ð−4T̃ þ C̃0 − 2Ẽ1Þ

Λþ
c → Σ0Kþ 1ffiffi

2
p ð−C0 þ 2E1SÞ 1ffiffi

2
p ð−C̃0Þ

Λþ
c → ΣþK0 −C0 þ 2E1S −C̃0

Λþ
c → pπ0 1ffiffi

2
p ð2Cþ C0 þ E1A þ E1S − E3Þ 1ffiffi

2
p ð2C̃þ C̃0 þ Ẽ1Þ

Λþ
c → pη8 1ffiffi

6
p ð−6Cþ C0 þ E1A − 3E1S − E3Þ 1ffiffi

6
p ð−6C̃ − C̃0 þ Ẽ1Þ

Λþ
c → pη1 1ffiffi

3
p ð−C0 þ E1A − 3E1S − E3 − 3EhÞ 1ffiffi

3
p ð−C̃0 þ Ẽ1 − 3ẼhÞ

Λþ
c → nπþ −2T þ C0 þ E1A þ E1S − E3 −2T̃ þ C̃0 þ Ẽ1

Ξ0
c → Λπ0 1

2
ffiffi
3

p ð2Cþ 2C0 − 3E1S − E1A þ E3Þ 1

2
ffiffi
3

p ð2C̃þ 2C̃0 − Ẽ1Þ
Ξ0
c → Λη8 1

2
ð−2C − 3E1S − E1A þ E3Þ 1

2
ð−2C̃ − Ẽ1Þ

Ξ0
c → Λη1 1ffiffi

2
p ð−C0 − 3E1S þ E1A − E3 − 3EhÞ 1ffiffi

2
p ð−C̃0 þ Ẽ1 − 3ẼhÞ

Ξ0
c → Σ0π0 1

2
ð2Cþ 3E1S þ E1A − E3Þ 1

2
ð2C̃þ Ẽ1Þ

Ξ0
c → Σ0η8

1

2
ffiffi
3

p ð−6C − 2C0 − 3E1S − E1A þ E3Þ 1

2
ffiffi
3

p ð−6C̃ − 2C̃0 − Ẽ1Þ
Ξ0
c → Σ0η1

1ffiffi
6

p ðC0 þ 3E1S − E1A þ E3 þ 3EhÞ 1ffiffi
6

p ðC̃0 − Ẽ1 þ 3ẼhÞ
Ξ0
c → Σþπ− E1A þ E1S − E3 Ẽ1

Ξ0
c → Σ−πþ −2T þ 2E1S −2T̃

Ξ0
c → Ξ0K0 C0 þ E1A − E1S − E3 C̃0 þ Ẽ1

Ξ0
c → Ξ−Kþ 2T − 2E1S 2T̃

Ξ0
c → pK− −E1A − E1S þ E3 −Ẽ1

Ξ0
c → nK̄0 −C0 − E1A þ E1S þ E3 −C̃0 − Ẽ1

Ξþ
c → Λπþ 1ffiffi

6
p ð2T − 2C0 þ E1A þ 3E1S − E3Þ 1ffiffi

6
p ð2T̃ − 2C̃0 þ Ẽ1Þ

Ξþ
c → Σ0πþ 1ffiffi

2
p ð−2T − E1A þ E1S þ E3Þ 1ffiffi

2
p ð−2T̃ − Ẽ1Þ

Ξþ
c → Σþπ0 1ffiffi

2
p ð−2Cþ E1A − E1S − E3Þ 1ffiffi

2
p ð−2C̃þ Ẽ1Þ

Ξþ
c → Σþη8 1ffiffi

6
p ð6Cþ 2C0 þ E1A þ 3E1S − E3Þ 1ffiffi

6
p ð6C̃þ 2C̃0 þ Ẽ1Þ

Ξþ
c → Σþη1 1ffiffi

3
p ð−C0 þ E1A − 3E1S − E3 − 3EhÞ 1ffiffi

3
p ð−C̃0 þ Ẽ1 − 3ẼhÞ

Ξþ
c → Ξ0Kþ −2T þ C0 þ E1A þ E1S − E3 −2T̃ þ C̃0 þ Ẽ1

Ξþ
c → pK̄0 −C0 þ 2E1S −C̃0
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For the η and η0 final states, we have exhibited the TDA
amplitudes in Tables I and II in the η8 and η1 basis. Of
course, one can also work in the ηq and ηs basis. For
example,

AðΛþ
c → ΣþηqÞ ¼

1ffiffiffi
2

p ð−C0 þ E1A − E1S − E3 − 2EhÞ

¼ 1ffiffiffi
2

p ð−C̃0 þ Ẽ1 − 2ẼhÞ;

AðΛþ
c → ΣþηsÞ ¼ −2E1S − Eh ¼ −Ẽh: ð21Þ

Applying Eq. (11) we obtain,

AðΛþ
c → Σþη8Þ ¼

1ffiffiffi
6

p ð−C̃0 þ Ẽ1Þ;

AðΛþ
c → Σþη1Þ ¼

1ffiffiffi
3

p ð−C̃0 þ Ẽ1 − 3ẼhÞ: ð22Þ

We see that the hairpin diagram Eh [39–41] contributes to
the SU(3)-singlet η1 but not to η8 as it should be.
Many sum-rule relations can be derived from Table I, for

example,

τΛþ
c

τΞ0
c

BðΞ0
c → Ξ−πþÞ ¼ 3BðΛþ

c → ΛπþÞ þ BðΛþ
c → Σ0πþÞ − 1

sin2 θC
BðΛþ

c → nπþÞ;
τΞ0

c

τΛþ
c

BðΛþ
c → pK̄0Þ ¼ 3BðΞ0

c → ΛK̄0Þ þ BðΞ0
c → Σ0K̄0Þ − 1

sin2 θC
BðΞ0

c → Ξ0K0Þ: ð23Þ

The first relation was first derived in Ref. [35]. It is very
useful to constrain the branching fraction of Ξ0

c → Ξ−πþ.

III. EQUIVALENCE OF TDA AND IRA

In this section we will consider the general SU(3)-
invariant decay amplitudes in the IRA. To demonstrate
the equivalence between the TDA and IRA, we need to

show that the number of the minimum set of tensor
invariants in the IRA and the topological amplitudes in
the TDA is the same. If the number of minimum indepen-
dent amplitudes is different, the global fit to the data will
yield different fitting results for branching fractions, decay
asymmetries and phase shifts.
Consider the effective Hamiltonian responsible for the

ΔC ¼ 1 weak transition,

TABLE II. Same as Table I except for doubly Cabibbo-suppressed charmed baryon weak decays.

Channel TDA gTDA
Λþ
c → pK0 2Cþ C0 2C̃þ C̃0

Λþ
c → nKþ 2T − C0 2T̃ − C̃0

Ξ0
c → ΛK0 1ffiffi

6
p ð2Cþ 2C0 þ 2E1A − 2E3Þ 1ffiffi

6
p ð2C̃þ 2C̃0 þ 2Ẽ1Þ

Ξ0
c → Σ0K0 1ffiffi

2
p ð2Cþ 2E1SÞ 1ffiffi

2
p ð2C̃Þ

Ξ0
c → Σ−Kþ 2T − 2E1S 2T̃

Ξ0
c → pπ− −E1A − E1S þ E3 −Ẽ1

Ξ0
c → nπ0 1ffiffi

2
p ðE1S þ E1A − E3Þ 1ffiffi

2
p ðẼ1Þ

Ξ0
c → nη8 1ffiffi

6
p ð−2C0 þ 3E1S − E1A þ E3Þ 1ffiffi

6
p ð−2C̃0 − Ẽ1Þ

Ξ0
c → nη1 1ffiffi

3
p ðC0 þ 3E1S − E1A þ E3 þ 3EhÞ 1ffiffi

3
p ðC̃0 − Ẽ1 þ 3ẼhÞ

Ξþ
c → ΛKþ 1ffiffi

6
p ð−2T þ 2C0 þ 2E1A − 2E3Þ 1ffiffi

6
p ð−2T̃ þ 2C̃0 þ 2Ẽ1Þ

Ξþ
c → Σ0Kþ 1ffiffi

2
p ð2T − 2E1SÞ 1ffiffi

2
p ð2T̃Þ

Ξþ
c → ΣþK0 −2C − 2E1S −2C̃

Ξþ
c → pπ0 1ffiffi

2
p ð−E1A − E1S þ E3Þ 1ffiffi

2
p ð−Ẽ1Þ

Ξþ
c → pη8 1ffiffi

6
p ð−2C0 − E1A þ 3E1S þ E3Þ 1ffiffi

6
p ð−2C̃0 − Ẽ1Þ

Ξþ
c → pη1 1ffiffi

3
p ðC0 − E1A þ 3E1S þ E3 þ 3EhÞ 1ffiffi

3
p ðC̃0 − Ẽ1 þ 3ẼhÞ

Ξþ
c → nπþ −E1A − E1S þ E3 −Ẽ1
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Heff ¼
GFffiffiffi
2

p
Xd;s
q1;q2

Vcq1Vuq2ðc1Oq1q2
1 þc2O

q1q2
2 ÞþH:c:

¼GFffiffiffi
2

p
Xd;s
q1;q2

Vcq1Vuq2ðcþOq1q2þ þc−Oq1q2− ÞþH:c:; ð24Þ

where Oq1q2
1 ¼ ðūq2Þðq̄1cÞ, Oq1q2

2 ¼ ðq̄1q2ÞðūcÞ with
ðq̄1q2Þ≡ q̄1γμð1 − γ5Þq2, O� ≡ 1

2
ðO1 �O2Þ and

c� ≡ c1 � c2. Under flavor SU(3) symmetry, the operators
O− andOþ transform as the irreducible representations of 6
and 15, respectively. Notice that Oþ (O−) is symmetric
(antisymmetric) in the color indices of light quarks. Since
the Wilson coefficients c− ≫ cþ, it has been assumed the
sextet 6 dominance over 15 in the literature. Under this
hypothesis, one would have the relation [15],

BðΛþ
c → nπþÞ ¼ 2BðΛþ

c → pπ0Þ; ð25Þ

and the sum rule

BðΛþ
c → pK̄0Þ ¼ 3BðΛþ

c → ΛπþÞ þ BðΛþ
c → Σ0πþÞ

−
1

sin2 θC
BðΛþ

c → nπþÞ: ð26Þ

This sum rule is identical to the first one in Eq. (23) except
for the left-hand side term. However, both the relation (25)
and the sum rule (26) are not borne out by experiment. This
indicates that the contributions from Heffð15Þ cannot be
neglected.
We follow Ref. [18] to write down the general SU(3)

invariant decay amplitudes in the IRA,2

AIRAa ¼ a1ðBcÞiðH6Þikj ðB8ÞjkMl
l þ a2ðBcÞiðH6Þikj ðB8ÞlkMj

l þ a3ðBcÞiðH6Þikj ðB8ÞjlMl
k

þ a4ðBcÞiðH6Þjkl ðB8ÞijMl
k þ a5ðBcÞiðH6Þjkl ðB8ÞljMi

k

þ a6ðBcÞiðH15
Þikj ðB8ÞjkMl

l þ a7ðBcÞiðH15
Þikj ðB8ÞlkMj

l þ a8ðBcÞiðH15
Þikj ðB8ÞjlMl

k

þ a9ðBcÞiðH15
Þjkl ðB8ÞijMl

k þ a10ðBcÞiðH15
Þjkl ðB8ÞljMi

k: ð27Þ

For the explicit expressions of ðH6Þijk and ðH
15
Þijk , see Ref. [18]. The first five terms associated with H6 are not totally

independent as one of them is redundant through the redefinition. It should be stressed that the redefinition is not unique.
For example, we will consider the following redefinitions:

a01 ¼ a1 − a5; a02 ¼ a2 þ a5; a03 ¼ a3 þ a5; a04 ¼ a4 þ a5; ð28Þ

which amounts to deleting the a5 term. There is another set of redefinitions adopted in Ref. [18]

a001 ¼ a1 þ a2; a002 ¼ a2 − a3; a003 ¼ a3 − a4; a005 ¼ a5 þ a3: ð29Þ

It is straightforward to check that the IRA amplitudes given
in Tables 14–16 of Ref. [18] can be expressed in terms of
a01; a

0
2; a

0
3; a

0
4 or a001; a

00
2; a

00
3; a

00
5, together with a6;…; a10.

As for the five terms associated withH
15
in Eq. (27), four

of them are prohibited by the KPW theorem, namely, a6 ¼
a7 ¼ a8 ¼ a10 ¼ 0 [35,42]. To see this, we follow the
argument presented in Ref. [42] closely. Consider the decay
amplitude ofBc → B8M induced byH

15
or the operatorOþ.

For the nonfactorizable contributions of Oþ, the relevant
matrix elements are hB�jOþjBci and hB8jOþjB�i after
considering the pole contributions from the intermediate
baryon poleB�. SinceOþ is symmetric in color indiceswhile
baryons are antisymmetric, we are led to hBijOþjBji ¼ 0,
which is one of the ingredients for the derivation of the
KPW theorem. Hence, we are left with the factorizable

contributions of hB8MjOþjBci, which can be inferred from
the factorizable terms T and C given in Eq. (15),

hB8MjHeff jBcifact ¼ TðBcÞijHkm
l ðB8ÞijkMl

m

þ CðBcÞijHml
k ðB8ÞijlMk

m: ð30Þ
The H matrix given in Eq. (14) is related to H6 and H15

via

Hij
k ¼ 1

2

�
Hð15Þijk þ 1

2
ϵijlHð6Þkl

�
; ð31Þ

2The relations between the IRA amplitudes in Ref. [18] and
ours are a1 ¼ AT

6 , a2 ¼ BT
6 , a3 ¼ CT

6 , a4 ¼ ET
6 , a5 ¼ DT

6 ,
a6 ¼ AT

15, a7 ¼ BT
15, a8 ¼ CT

15, a9 ¼ ET
15, and a10 ¼ DT

15.
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where the expression of Hð6Þkl can be found in e.g.,
Ref. [42]. Projecting out the factorizable contributions from
Hð15Þ we obtain,

hB8MjHeffð15ÞjBcifact ¼ ðT þ CÞðBcÞiðH15
Þjkl ðB8ÞijMl

k:

ð32Þ

Comparing this with Eq. (27) leads to

a9 ¼ T þC¼ T̃ þ C̃; a6 ¼ a7 ¼ a8 ¼ a10 ¼ 0: ð33Þ

In the IRA we thus have five independent SU(3) tensor
invariants a01; a

0
2; a

0
3; a

0
4, and a09 ¼ a9, in agreement with

Ref. [35]. In the TDA we find the minimum set of the
topological amplitudes; T̃; C̃; C̃0; Ẽ1, and Ẽh. By comparing
the gTDA amplitudes in Tables I and II with the IRA
amplitudes given in Tables 14–16 of Ref. [18] we arrive at
the relations,

a1 − a5 ¼ −Ẽh; a2 þ a5 ¼ −C̃0;

a3 þ a5 ¼ Ẽ1; a4 þ a5 ¼ T̃ − C̃ − C̃0;

a9 ¼ T̃ þ C̃; a6 ¼ a7 ¼ a8 ¼ a10 ¼ 0; ð34Þ

and hence

T̃ ¼ 1

2
ð−a2 þ a4 þ a9Þ; C̃ ¼ 1

2
ða2 − a4 þ a9Þ;

C̃0 ¼ −a2 − a5; Ẽ1 ¼ a3 þ a5; Ẽh ¼ −a1 þ a5:

ð35Þ

Therefore, we have the correspondence

T̃ ¼ 1

2
ð−a02 þ a04 þ a09Þ; C̃ ¼ 1

2
ða02 − a04 þ a09Þ;

C̃0 ¼ −a02; Ẽ1 ¼ a03; Ẽh ¼ −a01: ð36Þ

in terms of the redefinitions given in Eq. (28). The
equivalence between the TDA and IRA is thus established.
There is another set of the IRA amplitudes given

in Ref. [35],

AIRAb ¼ f̃aðBcÞikðH6ÞijðB8ÞjkMl
l þ f̃bðBcÞikðH6ÞijðB8ÞlkMj

l þ f̃cðBcÞikðH6ÞijðB8ÞjlMl
k

þ f̃dðBcÞklðH6ÞijðB8ÞikMj
l þ f̃eðBcÞjðH15

Þikl ðB8ÞjiMl
k: ð37Þ

The equivalence between gTDA, IRAa, and IRAb leads to
the relations,

T̃ ¼ 1

2
ðf̃b þ f̃eÞ; C̃ ¼ 1

2
ð−f̃b þ f̃eÞ;

C̃0 ¼ f̃b − f̃d; Ẽ1 ¼ −f̃c; Ẽh ¼ f̃a; ð38Þ

and

a01 ¼ f̃a; a02 ¼ −f̃b þ f̃d; a03 ¼ −f̃c;

a04 ¼ f̃d; a09 ¼ f̃e: ð39Þ

It should be stressed that since we will only fit to the
observed branching fractions and decay asymmetries,
the amplitudes are subject to sign ambiguity. Hence, the

relations (36), (38), and (39) also hold if all the relations are
flipped in sign simultaneously. For example,

T̃ ¼ −
1

2
ðf̃b þ f̃eÞ; C̃ ¼ 1

2
ðf̃b − f̃eÞ;

C̃0 ¼ −f̃b þ f̃d; Ẽ1 ¼ f̃c; Ẽh ¼ −f̃a; ð40Þ

are also valid.

IV. NUMERICAL ANALYSIS AND RESULTS

As there are five independent tilde TDA amplitudes
given in Eq. (20), we have totally 19 unknown parameters
to describe the magnitudes and the phases of the respective
S- and P-wave amplitudes; namely,

jT̃jSeiδT̃S ; jC̃jSeiδC̃S ; jC̃0jSeiδC̃
0

S ; jẼ1jSeiδ
Ẽ1
S ; jẼhjSeiδ

Ẽh
S ;

jT̃jPeiδT̃P ; jC̃jPeiδC̃P ; jC̃0jPeiδC̃
0

P ; jẼ1jPeiδ
Ẽ1
P ; jẼhjPeiδ

Ẽh
P ; ð41Þ

collectively denoted by jXijSeiδ
Xi
S and jXijPeiδ

Xi
P , where the subscripts S and P denote the S- and P-wave components of each

TDA amplitude. Since there is an overall phase which can be omitted, we shall set δT̃S ¼ 0. Hence, we are left with 19
parameters. Likewise, for the tilde IRA amplitudes given in Eq. (37), we also have
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jf̃ajSeiδ
f̃a

S ; jf̃bjSeiδ
f̃b

S ; jf̃cjSeiδ
f̃c

S ; jf̃djSeiδ
f̃d

S ; jf̃ejSeiδ
f̃e

S ;

jf̃ajPeiδ
f̃a

P ; jf̃bjPeiδ
f̃b

P ; jf̃cjPeiδ
f̃c

P ; jf̃djPeiδ
f̃d

P ; jf̃ejPeiδ
f̃e

P : ð42Þ

We shall also set δf̃
a

S ¼ 0. Of course, physics is independent
of which phase is removed. Indeed, one can check that the

phase differences δXi
P − δXi

S or δf̃
x

P − δf̃
x

S remain the same no
matter which phase is set to zero. Notice that the number of
available experimental observables has increased to 30 by
the end of 2023. To pursue a set of proper parameters, the
χ2 function in the following maximum likelihood analysis
is defined as

χ2 ¼ ½OtheorðciÞ −Oexpt�TΣ−1½OtheorðciÞ −Oexpt�; ð43Þ

in which ci are the fitted 19 input parameters, Otheor;expt

stand for the 30 theoretical and experimental observables.
The 30-dimensional general error matrix Σ can be taken
diagonal by neglecting correlations among different
observables and only incorporating pure experimental
errors here.
In terms of the S- and P-wave amplitudes given in

Eq. (1) and their phases δS and δP, respectively, the decay
rate and Lee-Yang parameters read,

Γ ¼ pc

8π

ðmi þmfÞ2 −m2
P

m2
i

ðjAj2 þ κ2jBj2Þ;

α ¼ 2κjA�Bj cosðδP − δSÞ
jAj2 þ κ2jBj2 ; β ¼ 2κjA�Bj sinðδP − δSÞ

jAj2 þ κ2jBj2 ;

γ ¼ jAj2 − κ2jBj2
jAj2 þ κ2jBj2 ; ð44Þ

where pc is the center-of-mass three-momentum in the rest
frame of initial baryon and the auxiliary parameter κ is
defined as κ ¼ pc=ðEf þmfÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðEf −mfÞ=ðEf þmfÞ
p

.
The phase shift between S- and P-wave amplitudes can be
deduced explicitly as

δP − δS ¼ 2 arctan
βffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

α2 þ β2
p

þ α
; ð45Þ

in terms of the measured Lee-Yang parameters α and β.3 In
theoretical calculations, they are denoted by ReðA�BÞ and

ImðA�BÞ terms, respectively. It is easily seen that
α2 þ β2 þ γ2 ¼ 1. The available experimental data are
collected in the Appendix, i.e., Table IV below. Note that
for Ξ0

c decays, several modes are measured relative to
Ξ0
c → Ξ−πþ; that is, RX ≡ BðΞ0

c → XÞ=BðΞ0
c → Ξ−πþÞ

for X ¼ Ξ−Kþ;Λ0K0
S;Σ0K0

S, and ΣþK−. To compute the
branching fractions, we need the inputs from the charmed
baryon lifetimes which we shall use [43,44]

τðΞþ
c Þ ¼ ð453� 5Þ fs;

τðΛþ
c Þ ¼ ð202.9� 1.1Þ fs; τðΞ0

cÞ ¼ ð150.5� 1.9Þ fs:
ð46Þ

In practice, we shall make use of the package iminuit
[45,46] to search for χ2min together with its corresponding
fitting parameters ci, and generate the covariance matrix
among parameters which further helps predict physical
observables. The fitting 19 TDA and IRA parameters given
in Eqs. (41) and (42), respectively, are exhibited in
Table III. Note that our results for the IRA amplitudes
f̃x are numerically different from that given in Eq. (9) of
Ref. [35]. This may be partially ascribed to the fact that we
use 30 instead of 29 data points for fit and employ the
Belle’s result ð1.80� 0.52Þ% [47] for BðΞ0

c → Ξ−πþÞ
rather than the PDG value of ð1.43� 0.32Þ% [43].
Nevertheless, our predicted branching fractions, decay
asymmetries and phase shifts are in gross agreement with
Ref. [35].

TABLE III. Fitted tilde TDA (upper) and IRA (lower) ampli-
tudes collectively denoted by Xi. We have set δT̃S ¼ 0 and

δf̃
a

S ¼ 0.

jXijS jXijP δXi
S δXi

P

ð10−2GF GeV2Þ (in radians)

T̃ 2.37� 0.41 16.56� 0.69 � � � 2.76� 0.32
C̃ 1.04� 1.08 13.82� 0.58 −1.97� 0.79 −0.37� 0.44
C̃0 2.59� 0.95 24.97� 1.67 0.29� 0.19 2.86� 0.36
Ẽ1 4.10� 0.20 2.56� 2.21 1.18� 0.38 −0.96� 0.43
Ẽh 1.54� 1.22 19.16� 3.00 −1.35� 0.60 0.37� 0.41

f̃a 0.81� 1.89 23.02� 4.04 � � � 2.12� 1.03

f̃b 2.89� 1.50 30.56� 1.30 2.03� 0.61 −1.78� 0.98

f̃c 4.20� 0.18 1.95� 2.21 −0.06� 1.03 −2.68� 1.16

f̃d 0.98� 0.90 7.25� 2.07 2.72� 1.29 −2.55� 1.00

f̃e 2.06� 0.62 4.73� 2.11 1.09� 0.99 −0.94� 0.99

3The phase-shift formula presented by BESIII [34],
δP − δS ¼ arctanðβ=αÞ, is somewhat misleading as the range
of their solution is limited to ð− π

2
; π
2
Þ, which does not fully cover

the phase-shift space. However, in practical simulations, BESIII’s
solution manages to cover the full space through manual adjust-
ment, acknowledging the formula’s inherent limitations. In
contrast, Eq. (45) proposed here naturally covers the correct
solution space without imposing manual modification.
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We see from Eq. (44) that both the branching fraction
and the longitudinal decay asymmetry α remain insensitive
to the sign of the phase shift. Consequently, the current
global fit, which incorporates 30 experimental inputs
including solely branching fractions and the decay asym-
metry α, lacks the ability to discern phase-shift signs. In
contrast, the transverse asymmetry β, being proportional to
the sine of the phase shift, aids in determining the sign of
δP − δS. Although the measurement of β has been carried
out in the Λþ

c → Ξ0Kþ channel [34], a determination of the
phase-shift sign proves challenging owing to its consid-
erable uncertainty, which aligns with the presence of two
phase-shift solutions at the current stage [see Eq. (48)
below]. In our numerical analysis, we indeed obtain two
sets of solutions, distinct from a global sign difference.
These solutions await a further discrimination by the
forthcoming β measurements in the near future.
To obtain the numerical values in Table III, we have set

δT̃S ¼ 0 and δf̃
a

S ¼ 0. We notice that no matter which phase
δXi
S or δXi

P is set to zero, the phase difference δXi
P − δXi

S
remains the same except for a sign ambiguity. Indeed, this
is the so-called Z2 ambiguity in Ref. [35], namely,
ðδXi

S ; δXi
P Þ → ð−δXi

S ;−δXi
P Þ. Since β is proportional to

sinðδP − δSÞ, this sign ambiguity can be resolved by the
measurement of β as just noticed in passing.
Since the phase differences δP − δS for Ẽ1 and f̃c are

−2.14� 0.57 and −2.62� 1.55 rad, respectively, it is clear
from Table III that the magnitudes of S-wave or P-wave
component of Ẽ1 and f̃c are consistent with each other
within errors. Hence, the relation Ẽ1 ¼ f̃c is numerically
satisfied within errors. Likewise, the relation Ẽh ¼ −f̃a is
also verified.
In the TDA, there are many modes receive contributions

only from one of the tilde TDA amplitudes:
(1) T̃: Ξ0

c → Ξ−πþ;Σ−πþ;Ξ−Kþ;Σ−Kþ; Ξþ
c → Ξ0Kþ;

(2) C̃: Λþ
c → pK0; Ξ0

c → Ξ0K0; Ξþ
c → ΣþK0;

(3) eC0: Λþ
c → ΣþK0;Σ0Kþ; Ξþ

c → pK0;
(4) Ẽ1: Λþ

c → Ξ0Kþ; Ξ0
c → ΣþK−;Σþπ−; pK−; pπ−;

nπ0; Ξþ
c → pπ0; nπþ.

For example, both CF decays Λþ
c → Ξ0Kþ and Ξ0

c →
ΣþK− which have been observed proceed solely via the
W-exchange diagrams characterized by the topological
amplitude Ẽ1.
The predicted branching fractions, Lee-Yang parameters,

the magnitudes of S- and P-waves and their phase shifts
based on the TDA and IRA are shown in Tables IV–VI. In
general, the predictions based on both the TDA and IRA
agree with each other as it should be except for a few
discrepancies, for example, in Λþ

c → pπ0, Ξþ
c → Σþηð0Þ,

and Ξþ
c → ΣþKS. We see that the fitted results for the

branching fractions and decay asymmetries are in good
agreement with experiment except for the following three
modes; Ξ0

c → Ξ−πþ, Λþ
c → Ξ0Kþ, and the ratio RΞ−Kþ .

The χ2 value of our fit is 2.0 per degree of freedom.

Our predicted branching fraction of ð2.83� 0.10Þ% for
Ξ0
c → Ξ−πþ is noticeably higher than the measured value of

ð1.80� 0.52Þ% by Belle [47]. A similar result of ð2.72�
0.09Þ% has also been obtained in Ref. [35]. Using the first
sum rule derived in Eq. (23) and the measured data
collected in Table VII, we find BðΞ0

c → Ξ−πþÞ ¼ ð2.85�
0.30Þ% in excellent agreement with the aforementioned
prediction.
As for the ratio RΞ−Kþ , we see from Table I that in the

SU(3) limit, one will have RΞ−Kþ ¼ sin2 θC which is equal
to 0.045 after taking into account the phase-space differ-
ence between Ξ0

c → Ξ−Kþ and Ξ0
c → Ξ−πþ. The current

measurement is 0.0275� 0.0057 which is away from the
SU(3) expectation by 2σ. Since both modes proceed
through the topological diagrams T and E1S with the
combination 2T − 2E1S ¼ 2T̃, it is conceivable that
SU(3) breaking in the external W-emission T and espe-
cially inW-exchange E1S could account for the discrepancy
between theory and experiment.
If the pseudoscalar meson in the final state is an SU(3)

flavor-singlet η1, it will receive an additional contribution
from the hairpin diagram Eh in Fig. 1. Numerically, we find
that the combination Ẽh ¼ Eh þ 2E1S which contributes
only to η1 is sizable (see Table III). Recall that in the
charmed meson sector there is a strong indication of the
hairpin effect in the decay Dþ

s → ρþη0 (see e.g., Ref. [32]).
For the decay Λþ

c → Ξ0Kþ, BESIII uncovered two sets
of solutions for the magnitudes of S- and P-wave ampli-
tudes in units of 10−2GF GeV2,

I:

� jAj ¼ 1.6þ1.9
−1.6 � 0.4;

jBj ¼ 18.3� 2.8� 0.7;
II:

� jAj ¼ 4.3þ0.7
−0.2 � 0.4;

jBj ¼ 6.7þ8.3
−6.7 � 1.6;

ð47Þ

and two solutions for the phase shift,

δP − δS ¼ −1.55� 0.25� 0.05 or

1.59� 0.25� 0.05 rad: ð48Þ

Our fits with jAj ¼ 3.89� 0.19, jBj ¼ 2.43� 2.12,
αΞ0Kþ ¼ −0.16� 0.13, βΞ0Kþ ¼ −0.24� 0.28 and δP −
δS ¼ −2.15� 0.65 rad are consistent with solution II for
jAj and jBj and the first phase-shift solution as well as the
Lee-Yang parameters αΞ0Kþ and βΞ0Kþ . However, our result
of BðΛþ

c → Ξ0KþÞ ¼ ð0.41� 0.03Þ% is slightly smaller
than the measured value of ð0.55� 0.07Þ% [43]. Our
results are very close to those obtained in Ref. [35];
BðΛþ

c → Ξ0KþÞ ¼ ð0.40� 0.03Þ%, αΞ0Kþ ¼−0.15�0.14,
βΞ0Kþ ¼−0.29�0.22, and δP − δS ¼ −2.06� 0.50 rad.
It should be stressed that although the BESIII’s meas-

urement of αΞ0Kþ is in good agreement with zero, it does
not mean that the theoretical predictions in the 1990s with
vanishing or very small S-wave amplitude are confirmed.

ANALYSIS OF HADRONIC WEAK DECAYS OF CHARMED … PHYS. REV. D 109, 114027 (2024)

114027-11



TA
B
L
E
IV
.

T
he

fi
t
re
su
lts

ba
se
d
on

th
e
til
de

T
D
A

(u
pp
er

en
tr
y)

an
d
til
de

IR
A

(l
ow

er
en
tr
y)
.S

-
an
d
P
-w

av
e
am

pl
itu

de
s
ar
e
in

un
its

of
1
0
−
2
G

F
G
eV

2
an
d
δ P

−
δ S

in
ra
di
an
s.

E
xp
er
im

en
ta
l
re
su
lts

ar
e
ta
ke
n
fr
om

Ta
bl
e
V
II
.

C
ha
nn
el

1
0
2
B

α
β

γ
jA
j

jB
j

δ P
−
δ S

B
ex
p

α
ex
p

Λ
þ c
→

Λ
0
π
þ

1
.3
1
�
0
.0
5

−
0
.7
6
�
0
.0
1

−
0
.1
7
�
0
.2
4

−
0
.6
3
�
0
.0
6

2
.7
6
�
0
.2
5

1
6
.9
6
�
0
.3
9

−
2
.9
2
�
0
.3
0

1
.2
9
�
0
.0
5

−
0
.7
6
�
0
.0
1

1
.3
1
�
0
.0
5

−
0
.7
6
�
0
.0
1

−
0
.2
8
�
0
.3
3

−
0
.5
9
�
0
.1
6

2
.9
1
�
0
. 5
7

1
6
.7
8
�
0
.8
2

−
2
.7
9
�
0
.3
9

Λ
þ c
→

Σ0
π
þ

1
.2
6
�
0
.0
5

−
0
.4
8
�
0
.0
2

0
.8
6
�
0
.0
7

−
0
.1
7
�
0
.3
5

4
.0
7
�
0
.8
6

1
5
.4
8
�
2
.3
0

2
.0
8
�
0
.0
4

1
.2
7
�
0
.0
6

−
0
.4
7
�
0
.0
3

1
.2
5
�
0
.0
5

−
0
.4
8
�
0
.0
2

0
.7
9
�
0
.2
3

−
0
.3
9
�
0
.4
7

3
.4
9
�
1
.3
5

1
6
.8
1
�
2
. 8
5

2
.1
1
�
0
.1
3

Λ
þ c
→

Σþ
π
0

1
.2
7
�
0
.0
5

−
0
.4
8
�
0
.0
2

0
.8
6
�
0
.0
7

−
0
.1
7
�
0
.3
5

4
.0
7
�
0
.8
6

1
5
.4
8
�
2
.3
0

2
.0
8
�
0
.0
4

1
.2
5
�
0
.0
9

−
0
.4
9
�
0
.0
3

1
.2
6
�
0
.0
5

−
0
.4
8
�
0
.0
2

0
.7
9
�
0
.2
3

−
0
.3
9
�
0
.4
7

3
.4
9
�
1
.3
5

1
6
.8
1
�
2
. 8
5

2
.1
1
�
0
.1
3

Λ
þ c
→

Σþ
η

0
.3
3
�
0
.0
4

−
0
.9
3
�
0
.0
4

−
0
.3
4
�
0
.1
5

−
0
.1
3
�
0
.2
4

2
.3
0
�
0
.3
5

9
.4
8
�
1
.1
2

−
2
.8
0
�
0
.1
5

0
.3
2
�
0
.0
4

−
0
.9
9
�
0
.0
6

0
.3
1
�
0
.0
4

−
0
.9
5
�
0
.0
5

−
0
.3
0
�
0
.1
5

0
.0
9
�
0
.2
9

2
.5
1
�
0
.3
9

8
.2
9
�
1
.3
5

−
2
.8
3
�
0
.1
6

Λ
þ c
→

Σþ
η0

0
.3
9
�
0
.1
2

−
0
.4
5
�
0
.0
7

0
.8
9
�
0
.0
4

0
.0
3
�
0
.5
1

3
.8
1
�
1
.4
5

2
3
.0
4
�
3
.7
6

2
.0
3
�
0
.0
8

0
.4
4
�
0
.1
5

−
0
.4
6
�
0
.0
7

0
.4
1
�
0
.1
3

−
0
.4
6
�
0
.0
7

0
.8
0
�
0
.3
9

−
0
.3
8
�
0
.8
2

3
.0
3
�
2
.3
3

2
8
.1
5
�
6
.4
8

2
. 0
9
�
0
.2
2

Λ
þ c
→

Ξ0
K

þ
0
.4
1
�
0
.0
3

−
0
.1
6
�
0
.1
3

−
0
.2
4
�
0
.2
8

0
.9
6
�
0
.0
7

3
.8
9
�
0
.1
9

2
.4
3
�
2
.1
2

−
2
.1
5
�
0
.6
5

0
.5
5
�
0
.0
7

0
.0
1
�
0
.1
6

0
.4
2
�
0
.0
3

−
0
.1
9
�
0
.1
2

−
0
.1
1
�
0
.4
2

0
.9
8
�
0
.0
5

3
.9
9
�
0
.1
8

1
.8
5
�
2
. 1
0

−
2
.6
2
�
1
.6
8

Λ
þ c
→

Λ
0
K

þ
0
.0
6
3
9
�
0
.0
0
3
0

−
0
.5
6
�
0
.0
5

0
.8
3
�
0
.0
4

0
.0
4
�
0
.3
5

1
.0
9
�
0
.1
8

3
.3
2
�
0
.5
9

2
.1
7
�
0
.0
6

0
.0
6
3
5
�
0
.0
0
3
1

−
0
.5
8
5
�
0
.0
5
2

0
.0
6
3
9
�
0
.0
0
3
0

−
0
.5
7
�
0
.0
5

0
.8
2
�
0
.0
8

−
0
.1
1
�
0
.5
0

1
.0
0
�
0
.2
9

3
.5
7
�
0
.8
0

2
. 1
8
�
0
.0
8

Λ
þ c
→

Σ0
K

þ
0
.0
3
7
6
�
0
.0
0
3
2

−
0
.5
4
�
0
.0
8

0
.3
5
�
0
.3
4

−
0
.7
6
�
0
.1
7

0
.4
0
�
0
.1
5

3
.8
6
�
0
.2
6

2
.5
6
�
0
.4
4

0
.0
3
8
2
�
0
.0
0
5
1

−
0
.5
5
�
0
.2
0

0
.0
3
8
8
�
0
.0
0
3
2

−
0
.5
4
�
0
.0
9

0
.1
1
�
0
.5
6

−
0
.8
3
�
0
.1
1

0
.3
4
�
0
.1
1

4
.0
0
�
0
. 2
1

2
.9
5
�
0
.9
8

Λ
þ c
→

Σþ
K

S
0
.0
3
7
7
�
0
.0
0
3
2

−
0
.5
4
�
0
.0
8

0
.3
5
�
0
.3
4

−
0
.7
7
�
0
.1
7

0
.4
0
�
0
.1
5

3
.8
6
�
0
.2
6

2
.5
6
�
0
.4
4

0
.0
4
7
�
0
.0
1
4

0
.0
3
8
9
�
0
.0
0
3
2

−
0
.5
4
�
0
.0
9

0
.1
1
�
0
.5
6

−
0
.8
3
�
0
.1
1

0
.3
4
�
0
.1
1

4
.0
0
�
0
.2
1

2
.9
5
�
0
.9
8

Λ
þ c
→

nπ
þ

0
.0
6
3
�
0
.0
0
9

−
0
.7
8
�
0
.1
3

−
0
.6
2
�
0
.1
6

0
.0
0
�
0
.2
6

1
.0
1
�
0
.1
4

2
.4
3
�
0
.3
9

−
2
.4
7
�
0
.3
0

0
.0
6
6
�
0
.0
1
3

0
.0
5
9
�
0
.0
0
8

−
0
.8
1
�
0
.1
4

−
0
.5
7
�
0
.2
3

0
.1
2
�
0
.3
7

1
.0
3
�
0
.1
7

2
.1
9
�
0
.5
3

−
2
.5
2
�
0
.2
7

Λ
þ c
→

p
π
0

0
.0
1
7
6
�
0
.0
0
3
2

−
0
.1
1
�
0
.6
9

−
0
.8
8
�
0
.2
9

0
.4
6
�
0
.6
3

0
.6
4
�
0
.1
2

0
.9
4
�
0
.5
9

−
1
.6
9
�
0
.7
6

0
.0
1
5
6
þ0

.0
0
7
5

−
0
.0
0
6
1

0
.0
2
0
8
�
0
.0
0
4
5

−
0
.6
9
�
0
.3
1

−
0
.6
1
�
0
.5
4

−
0
.4
0
�
0
.7
5

0
.4
5
�
0
.2
5

1
.6
4
�
0
.5
7

−
2
.4
2
�
0
.5
8

Λ
þ c
→

p
K

S
1
.5
5
�
0
.0
6

0
.0
1
�
0
.2
4

0
.3
7
�
0
.3
4

−
0
.9
3
�
0
.1
3

1
.4
1
�
1
.3
4

1
8
.6
8
�
0
.7
1

1
.5
4
�
0
.6
5

1
.5
9
�
0
.0
7

0
.1
8
�
0
.4
5

1
.5
7
�
0
.0
6

0
.0
3
�
0
.2
4

0
.4
2
�
0
.4
1

−
0
.9
1
�
0
.1
9

1
.6
4
�
1
.6
7

1
8
.6
9
�
1
.0
0

1
.5
0
�
0
. 5
4

Λ
þ c
→

p
η

0
.1
5
1
�
0
.0
0
8

0
.0
7
�
0
.3
0

0
.7
7
�
0
.2
6

−
0
.6
3
�
0
.3
3

1
.0
1
�
0
.4
4

5
.4
6
�
0
.5
7

1
.4
8
�
0
.3
8

0
.1
4
9
�
0
.0
0
8

0
.1
4
9
�
0
.0
0
8

0
.3
6
�
0
.2
9

0
.7
5
�
0
.2
8

−
0
.5
6
�
0
.4
4

1
.0
9
�
0
.5
5

5
.3
1
�
0
.7
5

1
.1
2
�
0
.3
2

Λ
þ c
→

p
η0

0
.0
5
2
�
0
.0
0
8

−
0
.5
4
�
0
.1
9

0
.6
2
�
0
.1
9

−
0
.5
6
�
0
.3
5

0
.7
7
�
0
.3
0

4
.7
2
�
0
.7
3

2
.2
9
�
0
.1
3

0
.0
4
9
�
0
.0
0
9

0
.0
5
3
�
0
.0
0
9

−
0
.0
1
�
0
.3
7

0
.9
6
�
0
.0
8

−
0
.2
6
�
0
.6
4

1
.0
1
�
0
.4
3

4
.2
8
�
1
.2
2

1
.5
9
�
0
.3
8

Ξ0 c
→

Ξ−
π
þ

2
.8
3
�
0
.1
0

−
0
.7
2
�
0
.0
3

0
.2
9
�
0
.2
7

−
0
.6
3
�
0
.1
3

4
.5
1
�
0
.7
9

3
1
.4
7
�
1
.3
1

2
.7
6
�
0
.3
2

1
.8
0
�
0
.5
2

−
0
.6
4
�
0
.0
5

2
.8
7
�
0
.1
0

−
0
.7
2
�
0
.0
3

0
.1
3
�
0
.4
5

−
0
.6
8
�
0
.1
0

4
.2
1
�
0
.6
4

3
2
.1
9
�
1
. 0
7

2
.9
6
�
0
.6
0

Ξþ c
→

Ξ0
π
þ

0
.9
�
0
.2

−
0
.9
3
�
0
.0
7

0
.3
5
�
0
.2
0

−
0
.0
9
�
0
.2
2

2
.2
7
�
0
.3
1

8
.2
1
�
1
.1
7

2
.7
9
�
0
.2
3

1
.6
�
0
.8

0
.8
�
0
.1

−
0
.9
3
�
0
.0
9

0
.3
5
�
0
.2
8

−
0
.1
4
�
0
.2
8

2
.1
2
�
0
.3
3

8
.0
5
�
1
.3
1

2
.7
8
�
0
.2
9

C
ha
nn
el

1
0
2
R

X
α

β
γ

jA
j

jB
j

δ P
−
δ S

1
0
2
ðR

X
Þ ex

p
α
ex
p

Ξ0 c
→

Ξ−
K

þ
4
.1
0
�
0
.0
5

−
0
.7
6
�
0
.0
3

0
.3
1
�
0
.2
8

−
0
.5
8
�
0
.1
4

1
.0
4
�
0
.1
8

7
.2
5
�
0
.3
0

2
.7
6
�
0
.3
2

2
.7
5
�
0
.5
7

4
.0
8
�
0
.0
4

−
0
.7
6
�
0
.0
3

0
.1
4
�
0
.4
7

−
0
.6
3
�
0
.1
1

0
.9
7
�
0
.1
5

7
.4
1
�
0
.2
5

2
.9
6
�
0
.6
0

Ξ0 c
→

Λ
K

0 S
2
4
.1
�
1
.0

−
0
.2
3
�
0
.1
6

0
.6
9
�
0
.2
6

−
0
.6
9
�
0
.2
5

2
.0
6
�
0
.8
4

1
3
.9
3
�
1
.1
7

1
.8
9
�
0
.2
5

2
2
.9
�
1
.4

2
4
.1
�
0
.9

−
0
.1
8
�
0
.1
2

0
.6
6
�
0
.3
6

−
0
.7
3
�
0
.3
1

1
.9
5
�
1
.1
2

1
4
.2
1
�
1
.4
5

1
.8
3
�
0
.2
6

Ξ0 c
→

Σ0
K

0 S
4
.0
�
0
.6

0
.0
1
�
0
.6
1

−
0
.7
8
�
0
.3
7

0
.4
9
�
0
.5
1

1
.9
2
�
0
.4
0

3
.4
7
�
1
.8
3

−
1
.5
6
�
0
.7
0

3
.8
�
0
.7

3
.8
�
0
.6

−
0
.6
3
�
0
.4
0

−
0
.6
5
�
0
.5
3

−
0
.2
8
�
0
.8
3

1
.3
2
�
0
.8
0

5
.3
8
�
1
.6
6

−
2
.2
9
�
0
.6
2

Ξ0 c
→

Σþ
K

−
1
3
.0
�
1
.1

−
0
.2
1
�
0
.1
7

−
0
.3
3
�
0
.3
7

0
.9
2
�
0
.1
4

3
.8
9
�
0
.1
9

2
.4
3
�
2
.1
2

−
2
.1
5
�
0
.6
5

1
2
.3
�
1
.2

1
3
.3
�
1
.1

−
0
.2
6
�
0
.1
6

−
0
.1
5
�
0
.5
7

0
.9
6
�
0
.1
0

3
.9
9
�
0
.1
8

1
.8
5
�
2
.1
0

−
2
.6
2
�
1
.6
8

ZHONG, XU, and CHENG PHYS. REV. D 109, 114027 (2024)

114027-12



We have checked that if we set δXi
S ¼ δXi

P ¼ 0 from the
outset and keep the measured αΞ0Kþ as an input, the fit
BðΛþ

c → Ξ0KþÞ of order 1 × 10−3 will be too small
compared to experiment because of the smallness of the
S-wave contribution. On the contrary, if the input of
ðαΞ0KþÞexp is removed, the fit αΞ0Kþ will be of order
0.95 . Hence, we conclude that it is inevitable to incorporate
the phase shifts to accommodate the data. It is the smallness
of j cosðδP − δSÞj ∼ 0.02 that accounts for the nearly
vanishing αΞ0Kþ .
Besides the decay Λþ

c → Ξ0Kþ, we have noticed in
passing that the following modes Ξ0

c → ΣþK−;Σþπ−;
pK−; pπ−; nπ0, and Ξþ

c → pπ0; nπþ also receive contribu-
tions only from the topological W-exchange amplitude Ẽ1.
In the absence of strong phases in S- and P-wave

amplitudes, they are expected to have large decay asym-
metries. For example, αΞ0

c→ΣþK− was found to be 0.79þ0.32
−0.33 ,

0.81� 0.16, and 0.98� 0.20, respectively, in Refs. [19–
21]. Once the phase shifts are incorporated in the fit, the
above-mentioned modes should have δP − δS similar to that
in Λþ

c → Ξ0Kþ and their decay asymmetries will become
smaller (see Tables IV–VI). In particular, for the CF
channel Ξ0

c → ΣþK− whose branching fraction has been
measured before, we predict that αΞ0

c→ΣþK− ¼ −0.21�
0.17 which can be used to test our theoretical framework.
It is worth emphasizing again that when the strong phases

δXi
S and δXi

P are turned off for the global fit to the data, the
decay asymmetryα is found to be close to unity inmagnitude
for some of the modes, e.g., Λþ

c → Σþη;Ξ0Kþ;Σ0Kþ;
Ξþ
c → Ξ0πþ, and Ξ0

c → Λ0K0
S;Ξ0η [20,21]. As noticed in

TABLE V. Same as Table IV except for yet observed CF and SCS modes.

Channel 103B α β γ jAj jBj δP − δS

Λþ
c → pKL 15.37� 0.62 −0.03� 0.22 0.37� 0.33 −0.93� 0.13 1.38� 1.27 18.48� 0.71 1.65� 0.62

15.49� 0.65 −0.02� 0.22 0.41� 0.41 −0.91� 0.18 1.54� 1.60 18.47� 0.97 1.62� 0.55
Ξþ
c → ΣþKS 2.08� 2.12 0.94� 0.22 −0.17� 0.80 0.28� 1.15 1.39� 0.92 3.19� 1.80 −0.18� 0.84

4.77� 3.82 0.88� 0.14 −0.42� 0.45 −0.24� 0.55 1.62� 0.90 6.35� 2.81 −0.44� 0.47
Ξþ
c → pKS=L 2.00� 0.20 −0.38� 0.07 0.25� 0.25 −0.89� 0.09 0.40� 0.15 3.86� 0.26 2.56� 0.44

2.10� 0.19 −0.38� 0.07 0.07� 0.39 −0.92� 0.05 0.34� 0.11 4.00� 0.21 2.95� 0.98
Ξþ
c → Σþπ0 2.16� 0.20 −0.07� 0.30 0.93� 0.14 −0.35� 0.37 0.96� 0.29 3.96� 0.51 1.64� 0.32

2.32� 0.27 0.12� 0.20 0.94� 0.16 −0.33� 0.48 1.01� 0.37 4.07� 0.73 1.44� 0.21
Ξþ
c → Σþη 0.75� 0.26 −0.02� 0.57 −0.64� 0.43 −0.77� 0.35 0.36� 0.24 3.09� 0.76 −1.60� 0.89

1.09� 0.47 −0.01� 0.56 −0.23� 0.64 −0.97� 0.15 0.15� 0.39 3.95� 0.96 −1.60� 2.40
Ξþ
c → Σþη0 1.19� 0.21 −0.31� 0.11 0.92� 0.10 −0.24� 0.47 0.99� 0.35 5.27� 0.94 1.90� 0.10

1.31� 0.29 −0.32� 0.13 0.81� 0.37 −0.49� 0.61 0.85� 0.52 6.07� 1.41 1.95� 0.21
Ξþ
c → Σ0πþ 3.12� 0.13 −0.59� 0.04 0.72� 0.13 −0.36� 0.28 1.13� 0.24 4.80� 0.56 2.26� 0.08

2.89� 0.21 −0.56� 0.04 0.69� 0.28 −0.46� 0.40 1.01� 0.36 4.78� 0.75 2.26� 0.22
Ξþ
c → Ξ0Kþ 1.00� 0.16 −0.73� 0.12 −0.57� 0.17 0.38� 0.22 1.01� 0.14 2.43� 0.39 −2.47� 0.21

1.51� 0.62 −0.62� 0.31 −0.29� 1.10 0.73� 0.23 1.38� 0.32 1.98� 0.86 −2.70� 1.62
Ξ0
c → Σ0KL 1.24� 0.19 −0.20� 0.61 −0.63� 0.41 0.75� 0.43 2.02� 0.33 2.35� 1.97 −1.88� 1.02

1.87� 0.44 −0.74� 1.01 −0.49� 1.04 0.47� 0.54 2.31� 0.44 4.29� 2.27 −2.56� 1.61
Ξ0
c → Ξ0π0 7.45� 0.64 −0.51� 0.08 0.34� 0.33 −0.79� 0.15 1.74� 0.64 16.78� 1.11 2.56� 0.44

7.72� 0.65 −0.51� 0.09 0.10� 0.53 −0.85� 0.10 1.49� 0.47 17.37� 0.93 2.95� 0.98
Ξ0
c → Ξ0η 2.87� 0.66 0.08� 0.20 0.86� 0.18 0.50� 0.30 3.12� 0.45 6.61� 2.16 1.48� 0.24

2.28� 0.53 0.24� 0.24 0.86� 0.24 0.45� 0.44 2.73� 0.55 6.20� 2.51 1.30� 0.28
Ξ0
c → Ξ0η0 5.31� 1.33 −0.59� 0.08 0.79� 0.07 0.18� 0.41 4.87� 1.38 23.13� 3.82 2.22� 0.08

5.66� 1.62 −0.59� 0.09 0.79� 0.20 −0.16� 0.71 4.24� 2.23 28.35� 6.88 2.21� 0.19
Ξ0
c → Λ0KL 7.17� 0.24 −0.27� 0.14 0.72� 0.24 −0.64� 0.27 2.36� 0.86 14.13� 1.26 1.92� 0.21

7.29� 0.26 −0.22� 0.10 0.69� 0.34 −0.69� 0.33 2.18� 1.16 14.49� 1.55 1.88� 0.23
Ξ0
c → Σþπ− 0.22� 0.02 −0.23� 0.18 −0.35� 0.39 0.91� 0.15 0.90� 0.04 0.56� 0.49 −2.15� 0.65

0.22� 0.02 −0.27� 0.17 −0.16� 0.61 0.95� 0.11 0.92� 0.04 0.43� 0.48 −2.62� 1.68
Ξ0
c → Σ0π0 0.34� 0.04 −0.02� 0.24 −0.38� 0.37 −0.93� 0.15 0.22� 0.22 3.26� 0.23 −1.62� 0.64

0.36� 0.05 −0.20� 0.26 −0.31� 0.44 −0.93� 0.17 0.22� 0.27 3.34� 0.32 −2.13� 0.75
Ξ0
c → Σ0η 0.12� 0.04 −0.02� 0.57 −0.64� 0.43 −0.77� 0.36 0.25� 0.17 2.18� 0.54 −1.60� 0.89

0.18� 0.08 −0.01� 0.57 −0.23� 0.64 −0.97� 0.15 0.11� 0.28 2.79� 0.68 −1.60� 2.40
Ξ0
c → Σ0η0 0.20� 0.04 −0.31� 0.11 0.92� 0.10 −0.24� 0.47 0.70� 0.24 3.73� 0.66 1.90� 0.10

0.22� 0.05 −0.32� 0.13 0.81� 0.37 −0.49� 0.61 0.60� 0.37 4.29� 1.00 1.95� 0.21
Ξ0
c → Σ−πþ 1.92� 0.08 −0.65� 0.03 0.26� 0.25 −0.71� 0.10 1.04� 0.18 7.25� 0.30 2.76� 0.32

1.26� 0.18 −0.77� 0.06 0.19� 0.51 −0.61� 0.14 0.97� 0.15 5.70� 0.58 2.90� 0.64
Ξ0
c → Ξ0KS=L 0.43� 0.02 −0.48� 0.03 0.87� 0.04 −0.05� 0.36 0.94� 0.20 3.56� 0.53 2.08� 0.04

0.41� 0.03 −0.50� 0.04 0.82� 0.19 −0.28� 0.51 0.80� 0.31 3.87� 0.66 2.11� 0.13
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passing, the nearly vanishing αΞ0Kþ measured by BESIII
implies the necessity of incorporating phase shifts for global
fits, which will also help explain the measured value of
αΣ0Kþ . The measurement of αΞ0

c→ΛKS
and αΞ0

c→Ξ0η in the
future will also help understand the phase shifts which are
predicted to be 1.89� 0.25 and 1.48� 0.24 (both in rad),
respectively. In contrast, it is also important to measure the
decay asymmetry of Ξþ

c → Ξ0πþ to see if its largeness of
order −0.93 is not affected by the phase shift which is
expected to be δP − δS ¼ 2.79� 0.23 rad (seeTable IV) and
hence j cosðδP − δSÞj ∼ 0.94.
For the Cabibbo-favored (CF) modes involving a neutral

K0
S or K0

L, it was customary to use the relation
ΓðK̄0Þ ¼ 2ΓðK0

SÞ. However, this relation can be invalidated
by the interference between CF and doubly Cabibbo-
suppressed (DCS) amplitudes. Using the phase convention

K0
S ¼ 1ffiffi

2
p ðK0 − K̄0Þ and K0

L ¼ 1ffiffi
2

p ðK0 þ K̄0Þ in the absence
of CP violation, we have

AðBc → BK0
SÞ ¼ −

1ffiffiffi
2

p ½AðBc → BK̄0Þ − AðBc → BK0Þ�;

AðBc → BK0
LÞ ¼

1ffiffiffi
2

p ½AðBc → BK̄0Þ þ AðBc → BK0Þ�:

ð49Þ

Since Bc → BK0 is doubly Cabibbo-suppressed, it is
expected that ΓðBc → BK0

LÞ ≈ ΓðBc → BK0
SÞ. For singly

Cabibbo-suppressed (SCS) channels, Ξþ
c → pKS=L and

Ξ0
c → nKS=L receive contributions only from K̄0, while

Ξ0
c → Ξ0KS=L proceeds only through K0.

TABLE VI. Same as Table IV except for yet observed SCS and DCS modes.

Channel 104B α β γ jAj jBj δP − δS

Λþ
c → nKþ 0.12� 0.03 −0.88� 0.45 0.33� 0.22 −0.34� 0.24 0.12� 0.02 0.44� 0.06 2.79� 0.23

0.12� 0.02 −0.86� 0.08 0.33� 0.28 −0.38� 0.24 0.11� 0.02 0.43� 0.07 2.78� 0.29
Ξþ
c → Λ0πþ 3.55� 1.15 0.21� 0.28 −0.62� 0.29 −0.76� 0.22 0.24� 0.12 1.70� 0.28 −1.25� 0.48

3.94� 1.31 0.11� 0.28 −0.82� 0.28 −0.56� 0.42 0.34� 0.16 1.69� 0.39 −1.43� 0.33
Ξþ
c → nπþ 0.34� 0.04 −0.28� 0.22 −0.43� 0.47 0.86� 0.24 0.21� 0.01 0.13� 0.11 −2.15� 0.65

0.35� 0.03 −0.34� 0.21 −0.20� 0.76 0.92� 0.18 0.21� 0.01 0.10� 0.11 −2.62� 1.68
Ξþ
c → Σ0Kþ 1.22� 0.05 −0.68� 0.03 0.28� 0.26 −0.67� 0.12 0.17� 0.03 1.18� 0.05 2.76� 0.32

1.24� 0.04 −0.68� 0.03 0.13� 0.42 −0.72� 0.09 0.16� 0.02 1.21� 0.04 2.96� 0.60
Ξþ
c → pπ0 0.17� 0.02 −0.28� 0.22 −0.43� 0.47 0.86� 0.24 0.15� 0.01 0.09� 0.08 −2.15� 0.65

0.17� 0.02 −0.34� 0.21 −0.20� 0.76 0.92� 0.18 0.15� 0.01 0.07� 0.08 −2.62� 1.68
Ξþ
c → pη 1.83� 0.28 −0.40� 0.07 0.58� 0.21 −0.71� 0.20 0.20� 0.06 1.14� 0.14 2.17� 0.13

2.43� 0.36 −0.34� 0.06 0.48� 0.35 −0.81� 0.22 0.18� 0.10 1.35� 0.17 2.19� 0.32
Ξþ
c → pη0 0.99� 0.17 −0.45� 0.17 0.69� 0.15 −0.56� 0.31 0.20� 0.07 1.06� 0.17 2.15� 0.12

1.24� 0.43 −0.33� 0.21 0.54� 0.38 −0.77� 0.33 0.16� 0.10 1.26� 0.32 2.12� 0.14
Ξþ
c → Λ0Kþ 0.35� 0.05 −0.41� 0.13 0.72� 0.24 0.56� 0.31 0.20� 0.02 0.30� 0.12 2.09� 0.20

0.35� 0.05 −0.38� 0.13 0.86� 0.21 0.34� 0.53 0.18� 0.03 0.36� 0.16 1.99� 0.17
Ξ0
c → pK− 1.99� 0.22 −0.27� 0.21 −0.42� 0.46 0.87� 0.23 0.90� 0.04 0.56� 0.49 −2.15� 0.65

2.03� 0.18 −0.33� 0.20 −0.19� 0.74 0.92� 0.17 0.92� 0.04 0.43� 0.48 −2.62� 1.68
Ξ0
c → nKS=L 7.41� 0.79 −0.43� 0.05 0.78� 0.14 −0.45� 0.28 0.94� 0.20 3.56� 0.53 2.08� 0.04

7.85� 1.03 −0.40� 0.05 0.67� 0.28 −0.62� 0.34 0.80� 0.31 3.87� 0.66 2.11� 0.13
Ξ0
c → Λ0π0 1.12� 0.32 −0.61� 0.20 −0.58� 0.31 −0.55� 0.27 0.31� 0.12 1.54� 0.22 −2.38� 0.38

1.53� 0.51 −0.26� 0.45 −0.87� 0.25 −0.42� 0.38 0.42� 0.16 1.73� 0.35 −1.86� 0.54
Ξ0
c → nπ0 0.06� 0.01 −0.28� 0.22 −0.43� 0.47 0.86� 0.24 0.15� 0.01 0.09� 0.08 −2.15� 0.65

0.06� 0.01 −0.34� 0.21 −0.20� 0.76 0.92� 0.18 0.15� 0.01 0.07� 0.08 −2.62� 1.68
Ξ0
c → Λ0η 4.56� 0.91 0.22� 0.20 0.14� 0.38 −0.97� 0.08 0.19� 0.19 4.00� 0.44 0.57� 1.27

4.81� 1.17 0.03� 0.22 0.06� 0.51 −1.00� 0.03 0.05� 0.36 4.15� 0.51 1.15� 3.13
Ξ0
c → Λ0η0 6.85� 0.98 −0.64� 0.11 0.71� 0.10 −0.30� 0.38 1.21� 0.35 5.94� 0.92 2.30� 0.09

8.39� 2.27 −0.51� 0.15 0.63� 0.35 −0.59� 0.50 1.03� 0.57 7.27� 1.84 2.25� 0.17
Ξ0
c → Σ−Kþ 0.83� 0.03 −0.68� 0.03 0.28� 0.26 −0.68� 0.11 0.24� 0.04 1.67� 0.07 2.76� 0.32

0.84� 0.03 −0.68� 0.03 0.13� 0.42 −0.72� 0.09 0.22� 0.03 1.71� 0.06 2.96� 0.60
Ξ0
c → pπ− 0.11� 0.01 −0.28� 0.22 −0.43� 0.47 0.86� 0.24 0.21� 0.01 0.13� 0.11 −2.15� 0.65

0.12� 0.01 −0.35� 0.21 −0.20� 0.76 0.92� 0.18 0.21� 0.01 0.10� 0.11 −2.62� 1.68
Ξ0
c → nη 0.61� 0.10 −0.40� 0.07 0.58� 0.21 −0.71� 0.20 0.20� 0.06 1.14� 0.14 2.17� 0.13

0.74� 0.13 −0.37� 0.08 0.41� 0.37 −0.83� 0.21 0.17� 0.09 1.29� 0.18 2.30� 0.37
Ξ0
c → nη0 0.33� 0.06 −0.45� 0.17 0.69� 0.15 −0.56� 0.31 0.20� 0.07 1.06� 0.17 2.15� 0.12

0.41� 0.14 −0.34� 0.17 0.55� 0.38 −0.76� 0.34 0.17� 0.10 1.25� 0.31 2.12� 0.14
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V. CONCLUSION

Inspired by the recent BESIII measurement of the decay
asymmetry and the phase shift between S- and P-wave
amplitudes in the decay Λþ

c → Ξ0Kþ, we have performed a
global fit to the experimental data of charmed baryon
decays based on the TDAwhich has the advantage that it is
more intuitive, graphic and easier to implement model
calculations. Our main results are as follows:

(i) In order to draw the topological diagrams and
construct the relevant amplitudes in the TDA, we
employ the antisymmetric matrix ðBcÞij for the
charmed baryon and ðB8Þijk for the octet baryon,
where the indices i, j, k stand for light quark flavors;

(ii) The wave functions of octet baryons can be repre-
sented in several different manners, but physics is
independent of the convention on chooses. We use
the bases ψð8ÞA12

and ψð8ÞS12 to assign different
topological diagrams and amplitudes. After applying
for the KPW theorem, the number of independent
topological diagrams and amplitudes is reduced to 7.
At this stage, there still exist two redundant degrees
of freedom through redefinition. We conclude that
the minimum set of the topological amplitudes in the
TDA is 5;

(iii) To demonstrate the equivalence between the TDA
and IRA, we have shown that the number of the
minimum set of tensor invariants in the IRA and the
topological amplitudes in the TDA is the same and
presented their relations;

(iv) As there are five independent tilde TDA amplitudes,
we have totally 19 unknown parameters to describe
themagnitudes and the phases of the respectiveS- and
P-wave amplitudes. The measured branching frac-
tions and decay asymmetries are well-accommodated
in the TDA except for three modes; Ξ0

c → Ξ−πþ,
Λþ
c → Ξ0Kþ, and the ratio RΞ−Kþ . The χ2 value is

2.0 per degree of freedom. The predicted BðΞ0
c →

Ξ−πþÞ ¼ ð2.83� 0.10Þ% is larger than its current
value, but it is in good agreement with the sum rule
derived in both the TDA and IRA. This needs to be
tested in the near future;

(v) The phase difference δP − δS between S- and P-
wave amplitudes is subject to a sign ambiguity
which can be resolved by the measurement of the
transverse asymmetry β. Hence, more accurate
measurements of β in Λþ

c → Ξ0Kþ and other modes
are called for;

(vi) When the strong phases δXi
S and δXi

P are turned off for
the global fit to the data, the decay asymmetry α is

found to be close to unity inmagnitude for some of the
modes, e.g., Λþ

c →Σþη;Ξ0Kþ;Σ0Kþ, Ξþ
c → Ξ0πþ,

and Ξ0
c → Λ0K0

S;Ξ0η. The nearly vanishing αΞ0Kþ

measured by BESIII implies the necessity of incor-
porating phase shifts in order to accommodate the
data. Themeasurement of αΞ0

c→ΛKS
and αΞ0

c→Ξ0η in the
futurewill also help understand the phase shifts which
are predicted to be 1.89� 0.25 and 1.48� 0.24 (both
in rad), respectively. In contrast, it is also important to
measure the decay asymmetry ofΞþ

c → Ξ0πþ to see if
its largeness of order −0.93 is not affected even after
the phase-shift effect is incorporated;

(vii) The fit results for the decay asymmetry and the
phase shift δP − δS for Λþ

c → Ξ0Kþ are consistent
with the BESIII measurements, though our fit of its
branching fraction is slightly smaller than the
measured one. Nevertheless, our TDA results are
very close to those obtained in the IRA;

(viii) Besides the decay Λþ
c → Ξ0Kþ, there exist several

modes Ξ0
c → ΣþK−;Σþπ−; pK−; pπ−; nπ0 and

Ξþ
c → pπ0; nπþ which proceed only from W-ex-

change characterized by the topological amplitude
Ẽ1. By the same token, these modes should have
phase shifts similar to that in Λþ

c → Ξ0Kþ and their
decay asymmetries are suppressed. In particular, we
predict αΞ0

c→ΣþK− ¼ −0.21� 0.17 which can be
used to test our theoretical framework;

(ix) For yet-to-be-measured modes, we have presented
the fitting magnitudes of S- and P-wave amplitudes
and their phase shifts in both the TDA and IRA
which can be tested in the near future.
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APPENDIX: EXPERIMENTAL DATA

Experimental data are collected in Table VII. In addition
to the latest PDG values [43] adopted as partial inputs in χ2,
more Λþ

c related data have been supplied by BESIII in
2023, including branching fractions of Λþ

c → pπ0 [52] and
Λþ
c → pη [34]. On the other hand, Belle has contributed the

recent measurements on Ξ0
c, such as Ξ0

c → Ξ−πþ [47] and
Ξ0
c → Λ0KS;Σ0KS;ΣþK− [54].
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