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CP violation in the charmed baryon sector is generally expected to be very small, of order 10−4 or even
smaller. Nevertheless, large long-distance penguin topologies can be induced through final-state
rescattering. At the hadron level, they are manifested as the triangle and bubble diagrams. However,
these diagrams consist of not only the penguin but also other tree topologies. Therefore, we focus on the
flavor structure of the these diagrams and project out their contributions to penguin and tree topologies. The
analysis is performed within the framework of the topological diagram approach and the irreducible SU(3)
approach in which the SU(3) flavor symmetry of QCD is realized to describe the nonleptonic decays of
charmed baryons. CP violation at the per mille level is found in the following decay modes:
Λþ
c → pπ0;Λþ

c → pη0;Ξ0
c → Σ0η, and Ξþ

c → Σþη. CP asymmetries in the last three modes receive
sizable contributions from the SU(3)-flavor-singlet hairpin diagram.

DOI: 10.1103/n8fk-v7r8

I. INTRODUCTION

The experimental and theoretical progresses in the study
of hadronic decays of charmed baryons are truly very
impressive in the past few years (for a review, see Ref. [1]).
On the experimental side, around 44 measurements of
branching fractions and Lee-Yang parameters have been
accumulated to date. On the theory aspect, many dynamical
model approaches had been developed in the 1990s such as
the relativistic quark model, the pole model, and current
algebra (see e.g. [1]). However, we still do not have a good
phenomenological model, not mentioning the QCD-
inspired approach which has been applied successfully
to heavy meson decays, to describe the complicated physics
of baryon decays. In the past decade, a very promising
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 the model-independent analysis.

In the IRA, SU (3) tensor invariants are constructed
through the short-distance effective 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. After
2014, the IRA became very popular [2–7]. The first
analysis of two-body nonleptonic decays of antitriplet
charmed baryons Bcð3̄Þ → Bð8ÞPð8þ 1Þ within the frame-
work of the TDA was performed by Kohara [8]. A
subsequent study was given by Chau et al. in Ref. [9]
followed by some recent analyses in the TDA [10–16].
Although the TDA has been applied very successfully to
charmed meson decays [17–19], its application to charmed
baryon decays is more complicated than the IRA. As
stressed in Ref. [13], 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
the available data will enable us to probe the relative
importance of different underlying decay mechanisms, and
to relate one process to another at the topological amplitude
level [20–22].
In this work we will focus on the hadronic weak decays

of antitriplet charmed baryons into a octet baryon and a
pseudoscalar meson: Bcð3̄Þ → Bð8ÞPð8þ 1Þ. Its general
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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.
Three Lee-Yang decay parameters α, β, and γ are of
particular interest. They are defined by

α¼2κjA�BjcosðδP−δSÞ
jAj2þκ2jBj2 ; β¼2κjA�BjsinðδP−δSÞ

jAj2þκ2jBj2 ;

γ¼ jAj2−κ2jBj2
jAj2þκ2jBj2 ; ð2Þ

with κ ¼ pc=ðEf þmfÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðEf −mfÞ=ðEf þmfÞ

p
and

α2 þ β2 þ γ2 ¼ 1. For completeness, the decay rate is
given by

Γ ¼ pc

8π

ðmi þmfÞ2 −m2
P

m2
i

ðjAj2 þ κ2jBj2Þ: ð3Þ

There are two-fold purposes of the present work: (i) to
update our previous analyses [20–22] by incorporating the
new data for global fits and most importantly (ii) to explore
the CP-violating effects in the charmed baryon sector.
As discussed in Ref. [22], the global fits to the data of Γ

and α usually encounter two major issues. First of all, there
is a sign ambiguity for the decay parameter β as α is
proportional to cosðδP − δSÞ, while β to sinðδP − δSÞ. In
other words, a measurement of α alone does not suffice to
fix the phase shift between S- and P-wave amplitudes.
Second, there is also a sign ambiguity for the decay
parameter γ as generally there exist two different sets of
solutions for A and B based on the input of Γ. It is obvious
from Eqs. (2) and (3) that one needs both information of Γ
and γ to fix jAj and jBj. Last year, LHCb precisely
measured the β and γ parameters of Λþ

c → Λπþ and
Λþ
c → ΛKþ decays for the first time [23]. These measure-

ments will enable us to fix the phase shift δP − δS and pick
up the right solution for S- and P-wave amplitudes. In
principle, the accumulation of more data allows for the
extraction of increasingly precise information. After our
latest analysis in Ref. [22], there were six measurements of
Ξþ
c decays performed by Belle and Belle II [24,25], which

we will incorporate in this work to perform more sensible
global fits.
The main purpose of this work is to study the

CP-violating effects in the charmed baryon sector with
SU(3) symmetry.1 Hence, we shall introduce various
penguin contractions and write down the topological
penguin amplitudes in both TDA and IRAwhich transform

as 3 and are proportional to the CKM matrix element
λb ¼ V�

cbVub. These amplitudes are denoted by Aλb
TDA and

Aλb
IRA, respectively, below. In the TDA, the coefficients are

related to penguin and tree topologies and hence they have
a clear graphic picture. The coefficients in Aλb

TDA or Aλb
IRA

are unknown due to the lack of the experimental informa-
tion onCP-violating observables. Nevertheless, they can be
related to the tree topologies inAtree

TDA orAtree
IRA through final-

state rescattering effects, a task which we will present in
this work. Once the coefficients are determined, we are
allowed to investigate the rich CP-violating phenomenol-
ogy in charmed baryon decays. Moreover, CP asymmetries
are allowed to enhance from 10−4 to the per mille level.
The outline of this work is as follows. In Sec. II we

introduce two different types of penguin contractions and
write down the topological penguin amplitudes in both
TDA and IRA. Section III is devoted to addressing the main
topic of this work, namely, CP violation in the charmed
baryon sector. We begin with the first observation of theCP
asymmetry ΔACP in the charmed meson system reported
by LHCb in 2019 and point out that successful numerical
results and their implications are discussed in Sec. IV. In
Sec. V we give our conclusions. Strong couplings of the
pseudoscalar meson with baryons are given in Appendix A,
currently available experimental data are collected in
Appendix B, while the new fitting results of branching
fractions, Lee-Yang parameters, and magnitudes of S- and
P-wave amplitudes and their phase shifts in the TDA and
IRA are presented in Appendix C.

II. TDA AND IRA

There exist two distinct ways in realizing the approxi-
mate SU(3) flavor symmetry of QCD to describe the
two-body nonleptonic decays of charmed baryons: the
irreducible SU(3) approach (IRA) and the topological
diagram approach (TDA).

A. TDA

In terms of the octet baryon wave functions given by

jBm;kð8Þi ¼ ajχmð1=2ÞA12
ijψkð8ÞA12

i
þ bjχmð1=2ÞS12ijψkð8ÞS12i ð4Þ

with jaj2 þ jbj2 ¼ 1, where the bases ψkð8ÞA12
and ψkð8ÞS12

for octet baryons denote the octet baryon states that are
antisymmetric and symmetric in the first two quarks,
respectively, and χmð1=2ÞA;S are the spin parts of the wave
function defined in Eq. (23) of Ref. [9], the relevant
topological diagrams for the decays of antitriplet charmed
baryons Bcð3̄Þ → Bð8ÞPð8þ 1Þ are depicted in Fig. 1: the
external W-emission T; the internal W-emission C; the
innerW-emission C0;W-exchange diagrams E1A, E1S, E2A,
E2S, E3 and the hairpin diagram Eh. Since there are two

1A recent discussion of possible SU(3)-breaking effects in
hadronic charmed baryon decays can be found in Ref. [26].
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FIG. 1. Topological diagrams contributing to Bcð3̄Þ → Bð8ÞPð8þ 1Þ decays. The symbols right square bracket and right curly bracket
denote antisymmetric and symmetric two quark states, respectively.
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possible penguin contractions, we will have penguin diagrams P1ð2Þ, P1ð2ÞA, P1ð2ÞS as well as P0
1ð2Þ, P

0
1ð2ÞA, P

0
1ð2ÞS. The

topologies Ph and P0
h are hairpin penguin diagrams. The decay amplitudes of Bcð3̄Þ → Bð8ÞPð8þ 1Þ in the TDA have the

expressions [20,21]:

ATDA ¼ TðBcÞijHkm
l ðB̄8ÞijkðP†Þlm þ CðBcÞijHml

k ðB̄8ÞijlðP†Þkm þ C0ðBcÞijHkl
mðB̄8ÞkljðP†Þmi

þ E1AðBcÞijHkl
i ðB̄8ÞjkmðP†Þml þ E1SðBcÞijHkl

i ðP†Þml ½ðB̄8Þjmk þ ðB̄8Þkmj�
þ E2AðBcÞijHkl

i ðB̄8ÞjlmðP†Þmk þ E2SðBcÞijHkl
i ðP†Þmk ½ðB̄8Þjml þ ðB̄8Þlmj�

þ E3ðBcÞijHkl
i ðB̄8ÞklmðP†Þmj þ EhðBcÞijHkl

i ðB̄8ÞkljðP†Þmm
þ PhðBcÞijHmk

m ðB̄8ÞijkðP†Þll þ P1ðBcÞijHmk
m ðB̄8ÞijlðP†Þlk

þ P2AðBcÞijHmk
m ðB̄8ÞkilðP†Þlj þ P2SðBcÞijHmk

m ðP†Þlj½ðB̄8Þkli þ ðB̄8Þilk�
þ P0

hðBcÞijHkm
m ðB̄8ÞijkðP†Þll þ P0

1ðBcÞijHkm
m ðB̄8ÞijlðP†Þlk

þ P0
2AðBcÞijHkm

m ðB̄8ÞkilðP†Þlj þ P0
2SðBcÞijHkm

m ðP†Þlj½ðB̄8Þkli þ ðB̄8Þilk�; ð5Þ

where ðBcÞij is an antisymmetric baryon matrix standing for antitriplet charmed baryons and Pi
j represent nonet mesons,

ðBcÞij ¼

0
B@

0 Λþ
c Ξþ

c

−Λþ
c 0 Ξ0

c

−Ξþ
c −Ξ0

c 0

1
CA; Pi

j ¼

0
BBBBB@

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 −
ffiffi
2
3

q
η8 þ η1ffiffi

3
p

1
CCCCCA; ð6Þ

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: ð7Þ

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

�
; ð8Þ

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

ffiffiffi
2

p
.

The quark content of the octet baryons Bð8Þ can be
read from the subscript ijk of the baryon tensor matrix
ðB8Þijk ¼ ϵijlðB8Þlk with

ðB8Þij ¼

0
BBB@

1ffiffi
6

p Λþ 1ffiffi
2

p Σ0 Σþ p

Σ− 1ffiffi
6

p Λ − 1ffiffi
2

p Σ0 n

Ξ− Ξ0 −
ffiffi
2
3

q
Λ

1
CCCA: ð9Þ

The tensor coefficient Hkl
m related to the CKM matrix

elements appears in the standard model Hamiltonian with

Hkl
mðq̄kcÞðq̄lqmÞ. The contraction of the two indices of Hkl

m ,
namely, Hml

m , is induced in the penguin diagrams
P1; P2A; P2S, and Ph, while Hkl

l in the penguin diagrams
P0
1; P

0
2A; P

0
2S, and P0

h.
In the diagrams T and C, the two spectator quarks qi and

qj are antisymmetric in flavor. Notice that the final-state
quarks ql and qk in the topological diagrams C0, E3, and Eh
also 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
antisymmetric in flavor in the SU(3) limit [27]. Likewise,
for E1A;1S and E2A;2S, the KPW theorem also leads to

E2A ¼ −E1A; E2S ¼ −E1S: ð10Þ

As a result, the number of independent topological tree
diagrams depicted in Fig. 1 and the TDA tree amplitudes in
Eq. (5) is 7.
Working out Eq. (5) for Bcð3̄Þ → Bð8ÞPð8þ 1Þ decays,

the obtained TDA decay amplitudes are listed in Tables I
and II of Ref. [20] where the penguin contraction ampli-
tudes have been neglected. Among the seven TDA tree
amplitudes given in Eq. (5), there still exist two redundant
degrees of freedom through the redefinitions [9]:
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T̃ ¼ T − E1S; C̃ ¼ Cþ E1S; C̃0 ¼ C0 − 2E1S;

Ẽ1 ¼ E1A þ E1S − E3; Ẽh ¼ Eh þ 2E1S: ð11Þ

As a result, among the seven topological tree amplitudes T,
C, C0, E1A, Eh, E1S, and E3, the last two are redundant
degrees of freedom and can be omitted through redefini-
tions. It is clear that the minimum set of the topological tree
amplitudes in the TDA is five. This is in agreement with the
number of tensor invariants found in the IRA [28].
In terms of the decomposition of 3 ⊗ 3̄ ⊗ 3 ¼

3p ⊕ 3t ⊕ 6̄ ⊕ 15 for the weak Hamiltonian responsible
for ΔC ¼ 1 weak transition, the coefficient tensor H in
Eq. (5) has the expression [29]

Hij
k ¼ 1

2

h
ðH15Þijk þ ðH6̄Þijk

i
þ δjk

�
3

2
ðH3pÞi −

1

2
ðH3tÞi

�

þ δik

�
3

2
ðH3tÞj −

1

2
ðH3pÞj

�
: ð12Þ

For later purpose, it is also convenient to write

ðHþÞijk ≡Hij
k þHji

k ¼ ðH15Þijk þ ðH3þÞiδjk þ ðH3þÞjδik;
ðH−Þijk ≡Hij

k −Hji
k ¼ ðH6̄Þijk þ 2ðH3−Þiδjk − 2ðH3−Þjδik;

ð13Þ

with H3� ¼ H3t �H3p.
In terms of ðB8Þij and ðBcÞi defined by 1

2
ϵijkðBcÞjk ¼

ðΞ0
c;−Ξþ

c ;Λþ
c Þ, the TDA amplitudes given in Eq. (5) will

have the decomposition [22]

ATDA ¼ Atree
TDA þAλb

TDA ð14Þ

with

Atree
TDA ¼ ðT þ CÞðBcÞiðH15ÞjlmðB̄8ÞijðP†Þml − EhðBcÞiðH6̄Þijl ðB̄8ÞljðP†Þmm

þ ðT − C − C0 − 2E1SÞðBcÞiðH6̄ÞjlmðB̄8ÞijðP†Þml − C0ðBcÞiðH6̄ÞijmðB̄8ÞljðP†Þml
þ ðE1A − E1S − E3ÞðBcÞiðH6̄Þilj ðB̄8ÞjmðP†Þml þ 2E1SðBcÞiðH6̄ÞjlmðB̄8Þmj ðP†Þil ð15Þ

and

Aλb
TDA ¼ b̃1ðBcÞiðH3ÞjðB̄8ÞijðP†Þll þ b̃2ðBcÞiðH3ÞjðB̄8ÞljðP†Þil þ b̃3ðBcÞiðH3ÞiðB̄8ÞljðP†Þjl

þ b̃4ðBcÞiðH3ÞlðB̄8ÞijðP†Þjl þ b̃5ðBcÞiðH15bÞjkl ðB̄8ÞijðP†Þlk; ð16Þ

where the matrix element H3 is normalized to ð1; 0; 0Þλb
and the coefficients b̃i can be expressed in terms of tilde
quantities [22]2

b̃1 ¼
1

4
ðT̃ − 3C̃Þ − 1

2
C̃0 −

1

2
Ẽh − 2P̃h − 2P̃2S;

b̃2 ¼
1

2
C̃0 þ 2P̃2S;

b̃3 ¼ −
1

2
C̃0 þ 1

2
Ẽ1A − P̃2A − P̃2S;

b̃4 ¼ −
1

4
ð3T̃ − C̃Þ þ 1

2
C̃0 þ 1

2
Ẽ1 − 2P̃1 þ P̃2A þ P̃2S;

b̃5 ¼ T̃ þ C̃; ð17Þ

with

P̃1 ¼ P1 þ E1S −
1

2
E3; P̃h ¼ Ph − E1S;

P̃2S ¼ P2S þ E1S; P̃2A ¼ P2A þ E1S − E3;

P̃0
1 ¼ P0

1 − E1S þ
1

2
E3; P̃0

h ¼ P0
h þ E1S;

P̃0
2S ¼ P0

2S − E1S; P̃0
2A ¼ P0

2A − E1S þ E3: ð18Þ
In Eq. (16) we have followed Ref. [30] to lump the
components of ðH15Þijk proportional to λb into ðH15bÞijk .
TheAλb

TDA involves penguinlike contributions induced from
the current-current tree operators O1;2 or penguin contri-
butions arising from QCD penguin operators. In the TDA,
the relations of b̃1;…; b̃4 with the penguin diagrams
depicted in Fig. 1 are explicitly shown in Eq. (17).
From the expression of Atree

TDA in Eq. (15), we see that
there is only one term related to H15. However, there are
only five independent terms in Atree

TDA. This is because the
last five terms are not totally independent. Indeed, Atree

TDA is
one of the general IRA amplitudes given in Eq. (19) below.
We shall show that the number of the minimum set of
tensor invariants in Atree

TDA is 5.
2The definitions of b̃i (i ¼ 1;…; 4) have been consistently

refined relative to those in Ref. [22].
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B. IRA

The general SU(3) invariant decay amplitudes in the IRA read [13]

AIRAa ¼ a1ðBcÞiðH6̄Þikj ðB̄8ÞjkðP†Þll þ a2ðBcÞiðH6̄Þikj ðB̄8ÞlkðP†Þjl þ a3ðBcÞiðH6̄Þikj ðB̄8ÞjlðP†Þlk
þ a4ðBcÞiðH6̄Þjkl ðB̄8ÞijðP†Þlk þ a5ðBcÞiðH6̄Þjkl ðB̄8ÞljðP†Þik þ a6ðBcÞiðH15Þikj ðB̄8ÞjkðP†Þll
þ a7ðBcÞiðH15Þikj ðB̄8ÞlkðP†Þjl þ a8ðBcÞiðH15Þikj ðB̄8ÞjlðP†Þlk þ a9ðBcÞiðH15Þjkl ðB̄8ÞijðP†Þlk
þ a10ðBcÞiðH15Þjkl ðB̄8ÞljðP†Þik þ b1ðBcÞiðH3ÞjðB̄8ÞijðP†Þll þ b2ðBcÞiðH3ÞjðB̄8ÞljðP†Þil
þ b3ðBcÞiðH3ÞiðB̄8ÞljðP†Þjl þ b4ðBcÞiðH3ÞlðB̄8ÞijðP†Þjl ; ð19Þ

where the last four terms related to penguins are taken from Ref. [30]. The first five terms associated withH6̄ are not totally
independent as one of them is redundant through the redefinition. For example, the following two redefinitions

a01 ¼ a1 − a5; a02 ¼ a2 þ a5; a03 ¼ a3 þ a5; a04 ¼ a4 þ a5; ð20Þ

and [13]

a001 ¼ a1 þ a2; a002 ¼ a2 − a3; a003 ¼ a3 − a4; a005 ¼ a5 þ a3: ð21Þ
are possible. As for the five terms associated withH

15
in Eq. (19), four of them are prohibited by the KPW theorem together

with the pole model, namely, a6 ¼ a7 ¼ a8 ¼ a10 ¼ 0 [28,31].
Comparing the expression of Atree

TDA given in Eq. (70) with AIRAa we have

a1 ¼ −Eh; a2 ¼ −C0; a3 ¼ E1A − E1S − E3;

a4 ¼ T − C − C0 − 2E1S; a5 ¼ 2E1S; a9 ¼ T þ C: ð22Þ

The redefinition of Eq. (20) yields

a10 ¼ −Ẽh; a20 ¼ −C̃0; a30 ¼ Ẽ1;

a40 ¼ T̃ − C̃ − C̃0; a9 ¼ T̃ þ C̃; ð23Þ
with the tilde parameters defined in Eq. (11). Hence, the minimum set of the topological tree amplitudes in the TDA is five,
namely, T̃, C̃, C̃0, Ẽ1, and Ẽh.
There is another set of the IRA amplitudes given in Refs. [28] and [30]:

AIRAb ¼ Atree
IRAb þAλb

IRAb ð24Þ
with

Atree
IRAb ¼ f̃aðB̄cÞikðH6̄ÞijðB8ÞjkðP†Þll þ f̃bðBcÞikðH6̄ÞijðB̄8ÞlkðP†Þjl þ f̃cðBcÞikðH6̄ÞijðB̄8ÞjlðP†Þlk

þ f̃dðBcÞklðH6̄ÞijðB̄8ÞikMj
l þ f̃eðBcÞjðH15Þikl ðB̄8ÞjiðP†Þlk; ð25Þ

and

Aλb
IRAb ¼ f̃a3ðBcÞiðH3ÞjðB̄8ÞijðP†Þkk þ f̃b3ðBcÞkðH3ÞiðB̄8ÞliðP†Þkl þ f̃c3ðBcÞiðH3ÞiðB̄8ÞljðP†Þjl

þ f̃d3ðBcÞiðH3ÞlðB̄8ÞijðP†Þjl þ f̃eðBcÞiðH15bÞjkl ðB̄8ÞijðP†Þlk: ð26Þ

The advantage of this IRAb is that both Atree
IRAb and Aλb

IRAb have the minimum sets of tensor invariants, namely, five in the

former and four in the latter. The equivalence between gTDA, IRAa, and IRAb leads to the relations

T̃ ¼ 1

2
ðf̃b þ f̃eÞ ¼ 1

2
ð−a02 þ a04 þ a9Þ; C̃ ¼ 1

2
ð−f̃b þ f̃eÞ ¼ 1

2
ða02 − a04 þ a9Þ;

C̃0 ¼ f̃b − f̃d ¼ −a02; Ẽ1 ¼ −f̃c ¼ a03; Ẽh ¼ f̃a ¼ −a01; ð27Þ
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or inversely

f̃a ¼ Ẽh ¼ −a01; f̃b ¼ T̃ − C̃ ¼ −a02 þ a04; f̃c ¼ −Ẽ1 ¼ −a03;

f̃d ¼ T̃ − C̃ − C̃0 ¼ −a04; f̃e ¼ T̃ þ C̃ ¼ a9: ð28Þ

III. CP VIOLATION

According to the standard model, CP violation is
at a very small level in the decays of charmed hadrons.
This is mainly because of the relation of the CKM
matrix elements, λs ≈ −λd. As a consequence, CP viola-
tion in the charm sector is usually governed by λb which is
very tiny compared to λd or λs in magnitude. This also
indicates that the corresponding QCD penguin and
electroweak penguin are also rather suppressed. In order
to have direct CP asymmetries in partial rates, it is
necessary to have nontrivial weak and strong phase
differences.

A. CP violation in the charmed meson sector

In November of 2011 LHCb announced the first evi-
dence of CP violation in the charm sector. A nonzero value
for the difference between the time-integrated CP asym-
metries of the decays D0 → KþK− and D0 → πþπ− [32]

ΔACP ≡ACPðKþK−Þ −ACPðπþπ−Þ
¼ ð−0.82� 0.21� 0.11Þ% ð29Þ

was reported. The significance of the measured deviation
from zero is 3.5σ. This had triggered a flurry of studies
exploring whether this CP violation in the charm sector
was consistent with the standard model (SM) or implies
new physics (NP). However, the original evidence of a CP
asymmetry difference was gone in 2013 and 2014 when
LHCb started to use the muon tag to identify the D0 and
found a positive ΔACP [33]. In 2019, LHCb finally
reported the first observation of CP asymmetry in the
charm system with the result at the per mille level [34]

ΔACP ¼ ð−1.54� 0.29Þ × 10−3: ð30Þ

In the standard-model estimate with the short-distance
penguin contribution, we have the expression (see e.g. [35])

ΔACP ¼ −
4 Im½ðλs − λdÞλ�b�

jλs − λdj2
����� P

T þ E

����
KK

sin θKK þ
���� P
T þ E

����
ππ

sin θππ

�
; ð31Þ

¼ −1.31 × 10−3
����� P

T þ E

����
KK

sin θKK þ
���� P
T þ E

����
ππ

sin θππ

�
; ð32Þ

where θKK is the strong phase of ðP=TÞKK and likewise
for θππ. Since jP=Tj is naïvely expected to be of
order ðαsðμcÞ=πÞ ∼Oð0.1Þ, it appears that ΔACP is most
likely of order 10−4 assuming strong phases close to
90° or even less for realistic strong phases. It was pointed
out in Ref. [35] that there is a resonantlike final-state
rescattering which has the same topology as the QCD
penguin. That is, the penguin topology receives sizable
long-distance contributions through final-state inter-
actions. In 2012 an ansatz that the long-distance penguin
PLD is of the same order of magnitude as E was made in
Ref. [35]. Since the W-exchange topology can be ex-
tracted from the data, this implies that one can make a
reliable prediction of ΔACP. Based on the ansatz of
PLD ¼ ELD ≈ E, it was predicted in Ref. [36] in
2012 that ΔACP ¼ ð−0.151� 0.004Þ% and ð−0.139�
0.004Þ% for the two solutions of W-exchange amplitudes.
They are amazingly in excellent agreement with the
LHCb observation of CP violation in the charm meson

sector in 2019.3 Hence, it is the interference between tree
and long-distance penguin amplitudes that pushes ΔACP

up to the 10−3 level [36]. We also see that the LHCb’s
observation of CP violation can be explained within the
SM without the need of NP.
In the topological diagrammatic approach there

exists two possible final-state rescattering processes of
the short-distance T which have the penguin topology in

3Based on the pQCD calculation of the short-distance penguin
contributions, it was claimed in the so-called factorization-assisted
topological amplitude (FAT) approach that ΔACP ≈ −1.00 × 10−3

[37]. Although both FATþ pQCD and QCDFþ TDA approaches
predict a CP asymmetry difference at the per mille level, the
mechanisms responsible for CP violation are quite different. It
comes from the interference between the tree T þ E and SD
penguin P in the former approach, while it is the interference
between tree and LD penguin amplitudes that pushes ΔACP to the
10−3 level in the latter. As discussed in Refs. [38,39], both
approaches can be easily discriminated in the D → VP sector.
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s- and t-channel diagrams (see Fig. 2). It was shown in
Ref. [40] that the ansatz of PLD ¼ ELD was justified
through a systematical study of the triangle diagrams
corresponding to the t-channel rescattering. The s-channel
rescattering can proceed through the intermediate scalar

and vector resonances, but the existence of the nearby
scalar resonances close to the charmed meson mass such as
f0ð1710Þ and f0ð1790Þ implies that the s-channel is mainly
governed by scalar resonances. Likewise, the relation of
PLD ¼ ELD in the s-channel rescattering also holds in the
SU(3) limit as we are going to show below.
Consider the s-channel processD → P0

1P
0
2 → S → P1P2

in Fig. 2(a),

hSjHeff jDi ¼
X
P0
1
;P0

2

DiH
jk
l ðP0†

1ÞljðP0†
2Þik

× ½ðP0
1Þmn ðP0

2ÞnoðS†Þom þ ðP0
1Þmn ðP0

2ÞomðS†Þno�;
ð33Þ

where P0
1 and P0

2 are summed over. Since P ¼
1ffiffi
2

p
P

8
a¼1 Paλa, we then have

X
P0
1

ðP0†
1ÞljðP0

1Þmn ¼ 1

2

X
λa

ðλ†aÞljðλaÞmn ¼ δlnδ
m
j −

1

3
δljδ

m
n : ð34Þ

Hence,

hSjHeff jDi ¼ Di

�
Hjl

l ðS†Þij −
1

3
Hji

o ðS†Þoj −
1

3
Hlm

l ðS†Þim þ 1

9
Hli

l ðS†Þmm
�

þDi

�
Hik

l ðS†Þlk −
1

3
Hji

l ðS†Þlj −
1

3
Hlk

l ðS†Þik þ
1

9
Hli

l ðS†Þnn
�
: ð35Þ

Note that the 4-quark operators can be written as

c1ðq̄icÞðq̄jqkÞ þ c2ðq̄jcÞðq̄iqkÞ ¼ cþ½ðq̄icÞðq̄jqkÞ þ ðq̄jcÞðq̄iqkÞ� þ c−½ðq̄icÞðq̄jqkÞ − ðq̄jcÞðq̄iqkÞ�
¼ cþðHþÞijk ðq̄icÞðq̄jqkÞ þ c−ðH−Þijk ðq̄icÞðq̄jqkÞ; ð36Þ

where the SU(3) tensor ðHþÞijk (ðH−Þijk ) is symmetric (antisymmetric) in the ij indices. It follows that

hSjHeff jDi ¼ 1

3
cþ½DiðHþÞikl ðS†Þlk þDiðHþÞjll ðS†Þij� þ

5

3
c−½DiðH−Þikl ðS†Þlk þDiðH−Þjll ðS†Þij�: ð37Þ

The first term in [...] is aW-exchange and the second term a
penguin with equal weight. Hence, the final-state rescatter-
ing of SD T will yield a topology of W-exchange and the
penguin P. This implies that the s-channel diagram also
yields the desired relation PLD ¼ ELD.
As it has been realized that SD penguin contributions are

expected to play a less important role toward the under-
standing of the measured CP asymmetry difference, LD
effects such as the final-state rescattering processes
ππ → ππ, πK → πK, and ππ → KK̄ have been studied
in detail in Refs. [41,42]. However, the predicted level of
CP violation is much below the experimental value. The
above-mentioned rescattering effects turn out not to be

producing enough enhancement. Likewise, calculations
based on QCD light-cone sum rules [43] cannot account
for the LHCb measurement. It appears that the TDA is so
far the only approach in which the LD penguin contribution
can be estimated in a reliable way. It is a data-driven
approach which is suitable for tackling with the non-
perturbative QCD effects in charm decays. Indeed, the
TDA has been applied very successfully to charmed meson
decays [17–19]. In the TDA, the LD rescattering contri-
bution to the penguin is of the same order as W-exchange
E. Hence, the large penguin induced from the final-state
rescattering is adequate to account for the CP violation
observed by LHCb.

FIG. 2. Final-state s- and t-channel rescattering contributions to
D → P1P2 from the externalW-emission, depicted in (a) and (b),
respectively, Pole and triangle diagrams are the corresponding
processes at the hadron level.
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B. CP violation in the charmed baryon sector

1. Observables

In the charmed baryon sector, besides CP asymmetries
in partial decay rates, two other CP-violation quantities of
interest are

Aα ¼
αþ ᾱ

α − ᾱ
; Rβ ¼

β þ β̄

α − ᾱ
: ð38Þ

They are related to weak and strong phase differences
between S- and P-wave amplitudes, Δϕ and Δδ≡ δP − δS,
respectively, via

Aα ¼ − tanΔδ tanΔϕ; Rβ ¼ tanΔϕ: ð39Þ
CP asymmetries Aα and Rβ for Λþ

c → Λπþ;ΛKþ and
Λþ
c → pK0

S have been measured recently by LHCb with
null results [23].
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 decays. We consider the singly Cabibbo-
suppressed charmed baryon decay with the amplitude
A ¼ λdAd þ λsAs. Its CP asymmetries defined by

ACP ≡ ΓðBc → BPÞ − ΓðB̄c → B̄ P̄Þ
ΓðBc → BPÞ þ ΓðB̄c → B̄ P̄Þ ; AS

CP ¼ S − S̄
Sþ S̄

;

AP
CP ¼ P − P̄

Pþ P̄
ð40Þ

have the expression

ACP ¼ 2 Imðλdλ�sÞ
jλdj2

ImðAdA�
sÞ

jAd − Asj2

¼ 1.31 × 10−3
jAdAsj

jAd − Asj2
sin δds ð41Þ

for the partial rate asymmetry, where δds is the strong phase
of As relative to Ad. If the decay amplitude is written as
A ¼ 1

2
ðλs − λdÞðAs − AdÞ − 1

2
λbðAs þ AdÞ, we will have

ACP ¼ −
2 Im½ðλs − λdÞλ�b�

jλs − λdj2
Im½ðAs − AdÞðA�

s þ A�
dÞ�

jAs − Adj2

¼ 4 Im½ðλs − λdÞλ�b�
jλs − λdj2

ImðAdA�
sÞ

jAs − Adj2

¼ 1.31 × 10−3
jAdAsj

jAs − Adj2
sin δds; ð42Þ

which is the same as before. In general, CP asymmetry is
expected to be of order 10−4 or even smaller.

2. Final-state rescattering

Our next task is to determine the coefficients f̃i3 in the
IRA [see Eq. (26)] or b̃i in the TDA, Eq. (16) in order to
study CP violation in the charmed baryon sector. In analog
to the charmed meson case, the penguin topology can be
generated through final-state s-, t-, and u-channel rescat-
tering contributions to Bc → PB from the external
W-emission as depicted in Fig. 3. Similar diagrams can
be drawn for the internalW-emissionC. Therefore, the blob
at the weak vertex of the pole or triangle diagram represents
SD contributions from the tree topologies T and C.
Although we do not know how to evaluate these diagrams
at the quark level, their contributions at the hadron level
manifested as the pole and triangle diagrams are amenable.
For our purpose we will follow the work of He and Liu [30]
closely.
For the SD weak vertex of Bc → BP, we notice that

hBPjLBcBPjBci ¼
GFffiffiffi
2

p
h
cþðHþÞijk þ c−ðH−Þijk

i
hPjðq̄αj qkαÞj0ihBjðq̄βi cβÞjBci

þ GFffiffiffi
2

p
h
cþðHþÞijk − c−ðH−Þijk

i
hPjðq̄βjqkαÞj0ihBjðq̄αi cβÞjBci ð43Þ

and hence

FIG. 3. Final-state s-, t-, and u-channel rescattering contribu-
tions to Bc → PB from the external W-emission, depicted in (a),
(b), and (c), respectively. They have the same topology as the
penguin one. Pole and triangle diagrams are the corresponding
processes at the hadron level. The blob at the weak vertex of the
pole or triangle diagram represents SD contributions from the tree
topologies T and C.
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LBcBP ¼
X
P;B;Bc

FBcBPP
†B̄Bc

¼ ðP†ÞkjðB̄ÞliðF̃þ
V ðHþÞijk þ F̃−

VðH−Þijk ÞðBcÞl; ð44Þ

where Hþ and H− are given in Eq. (13). In the above
equation, the parameters F̃þ

V and F̃−
V represent the overall

unknowns introduced in Ref. [30]. We shall see later that
F̃�
V is identical to T̃ � C̃ in the TDA. The strong vertex of

BBP needed in s- and t-channel diagrams is given by

LBB0P ¼
X
B0;P

�X
B−

gB−B0PPB̄0B− þ
X
Bþ

gBþB0PPB̄0iγ5Bþ

�

¼ g−
�ðPÞijðB̄0ÞjkðB−Þki þ r−ðPÞjkðB̄0ÞijðB−Þki

	
þ gþ

�ðPÞijðB̄0Þjkiγ5ðBþÞki þ rþðPÞjkðB̄0Þijiγ5ðBþÞki
	
;

ð45Þ

where the subscript � denotes the parity of B�. The strong
couplings gB�B0P are related to g� and r� (see also
Appendix A).
We next turn to the interaction of the vector meson with

octet baryons. We shall assume ideal mixing of ω and ϕ so
that ϕ ¼ ss̄ and ω ¼ ðuūþ dd̄Þ= ffiffiffi

2
p

. The vector meson
matrix reads

Vi
j ¼

0
BBB@

ρ0þωffiffi
2

p ρþ K�þ

ρ− −ρ0þωffiffi
2

p K�0

K�− K̄�0 ϕ

1
CCCA: ð46Þ

The relevant VPP interaction is given by

LVPP ¼ gVPPTrVμ½P; ∂μP�
¼ −igVPP



ρþμ π0 ∂

↔μ
π− þ ρ−μ π

þ
∂

↔μ
π0 þ ρ0μπ

−
∂

↔μ
πþ þ K�−

μ Kþ
∂

↔μ
π0 þ

ffiffiffi
3

p
K�−

μ Kþ
∂

↔μ
ηþ

ffiffiffi
3

p
ðϕ8ÞμKþ

∂

↔μ
K− þ � � �

�
;

ð47Þ
where ϕ8 is referred to the octet component of the ϕmeson, which is given by ϕ cos θ with θ ¼ 35.3° being the ideal ω − ϕ
mixing angle [44]. Applying LVPP to V → P1P2 decays leads to

gρþ→πþπ0 ¼ 2gV; gK�þ→Kþπ0 ¼ gV; gϕ→KþK− ¼ gV
ffiffiffi
3

p
cosϕ ¼ 1.42gV; ð48Þ

where the abbreviation of gVPP ¼ gV has been made.
Experimentally, gρþ→πþπ0 ¼ 5.94, gK�þ→Kþπ0 ¼ 3.14, and
gϕ→KþK− ¼ 4.47. The small discrepancy between theory
and experiment is presumably ascribed to SU(3) breaking.
The interaction of the vector meson with octet baryons is
given by

LVB0B ¼ fVB0BTrðB̄0γμVμBÞ þ f̃VB0B

mB0 þmB
TrðB̄0σμνB∂μVνÞ:

ð49Þ

The vector and tensor couplings fVBB and f̃VBB,
respectively, have been evaluated using QCD sum
rules [45].
Just like the PBB couplings, we can write

fnΣ−K�þ ¼fþ; fΛpK�þ ¼ fþffiffiffi
6

p ð1−2ρþÞ;

fΛΣ−ρþ ¼
fþffiffiffi
6

p ð1þρþÞ; fΣ0Σþρ− ¼
fþffiffiffi
2

p ð1−ρþÞ; ð50Þ

and

f̃nΣ−K�þ ¼ f̃þ; f̃ΛpK�þ ¼ f̃þffiffiffi
6

p ð1−2ρþÞ;

f̃ΛΣ−ρ̃þ ¼
f̃þffiffiffi
6

p ð1þ ρ̃þÞ; f̃Σ0Σþρ̃− ¼
f̃þffiffiffi
2

p ð1− ρ̃þÞ ð51Þ
for baryons with positive parity.
Since the s- and t-channel contributions have been

evaluated by He and Liu Ref. [30], we will focus on the
u-channel contribution in Fig. 3(c) which was not consid-
ered by them. The relevant amplitude reads

Au ¼
X

V;B0;P0
ūB

�Z
d4q
ð2πÞ4

�
fVBB0γμ þ

f̃VBB0

mB0 þmB
iσμνqν

�
gVPP0 ðp1 þ p3Þαð=p2 þmB0 Þ

×

�
gμα −

qμqα

m2
V

�
FBcB0P0

ðq2 −m2
VÞðp2

1 −m2
P0 Þðp2

2 −m2
B0 Þ

�
uBc

;

CHENG, XU, and ZHONG PHYS. REV. D 112, 054022 (2025)

054022-10



¼
X

V;B0;P0
ūB

�Z
d4q
ð2πÞ4

�
fVBB0

�
2=p3 þ =q

m2
V − q2 − 2q · p3

m2
V

�
þ f̃VBB0

mB0 þmB
ð=q=p3 − =p3=qÞ

�

×
gVPP0FBcB0P0 ð=p4 − =qþmB0 Þ

ðq2 −m2
VÞðq2 þ 2p3 · qþm2

P −m2
P0 Þðq2 − 2p4 · qþm2

B −m2
B0 Þ

�
uBc

; ð52Þ

where the momenta of P0, B0, P, B, and V are denoted by
p1, p2, p3, p4, and q, respectively. The u-channel ampli-
tude

Au ¼
X

B0;P0;V

hLVPP0LVBB0LBcB0P0 i ð53Þ

will have the same expression as Eq. (52) after the
contractions of B0B̄0, P0P0†, and VV† into the hadron
propagators. However, unlike the s- or t-channel amplitude
which has the expression

At ¼ ūB

�Z
d4q
ð2πÞ4

� X
BI ;B0;P0

gB−
I BP

gBIB0P0FBcB0P0

�
Iðq2Þ

�
uBc

;

ð54Þ

where Iðq2Þ is flavor independent, the u-channel amplitude
cannot be expressed in the same simple form owing to the
existence of both vector and tensor couplings, fVBB0 and
f̃VBB0 . In order to avoid the divergence occurred in the loop
integral in Eq. (52), it is necessary to introduce some
cutoffs on the couplings such as fVBB0 , f̃VBB0 , gVPP0 and the
form factor FBcB0P0. The results depend on the detail of the
cutoff mechanism.
The vector and tensor couplings have been evaluated

using light cone QCD sum rules. From Tables I and II of
Ref. [45] for the numerical values of fVB0B and f̃VB0B
(denoted by f1 and f2 in [45], respectively), we obtain
fþ ¼ 6.1; ρþ ¼ −0.38; f̃þ ¼ −1.6, and ρ̃þ ¼ −21, where
fþ, ρþ, f̃þ, and ρ̃þ are defined in Eqs. (50) and (51). In
general, the tensor coupling is larger than the vector one by
one order of magnitude, jf̃VB0B=fVB0Bj ≈ 11. If we recast
the u-channel contribution to the form

Au ¼ ūB½afVB0B þ bf̃VB0B�uBc
; ð55Þ

the ratio of b=a will depend on the cutoff mechanism and
the decay mode. Take the decay Λþ

c → pϕ as an example.
An explicit triangle-diagram calculation of this mode in the
framework of Ref. [46] with Λ; Kþ; K�þ involved in the
loop yields jb=aj ≈ 1.06 [47]. The cutoff mechanism is
given in Eq. (79) below and will be discussed there. This
indicates that the tensor coupling gives a dominant con-
tribution to the decay Λþ

c → pϕ. To avoid the complication

caused by the vector meson interaction with baryons, we
shall assume hereafter that the u-channel decay amplitude
of Bc → PB mediated by the vector-meson exchange is
dominated by the tensor coupling f̃VB0B.
We now focus on the flavor structure of the u-channel

amplitude

Au ∝
X

B0;P0;V

ðP0Þi1j1ðP†Þj1k1ðVÞ
k1
i1
ðV†Þj2k2

× ððB̄Þi2j2ðB0Þk2i2 þ ρþðB̄Þk2i2 ðB0Þi2j2Þ
× ððP0†Þki ðB̄0ÞljðH−Þijk ðBcÞlÞ; ð56Þ

where we have switched the notation from ρ̃þ to ρþ
for the reason of simplicity. It was pointed out in
Ref. [48] that the summation of the intermediate states
in Eq. (56) can be evaluated in the following manner.
Writing

B0 ¼ 1ffiffiffi
2

p
X8
a¼1

B0
aλa; P0 ¼ 1ffiffiffi

2
p

X8
a¼1

P0
aλa; V¼ 1ffiffiffi

2
p

X8
a¼0

Vaλa;

ð57Þ

under SU(3) flavor symmetry, where λa are the Gell-Mann
matrices, one can get ride of the Gell-Mann matrices by the
completeness relation

X8
a¼1

ðλaÞijðλaÞkl ¼ 2

�
δilδ

k
j −

1

3
δijδ

k
l

�
: ð58Þ

However, for the vector mesons we shall use

X8
a¼0

ðλaÞijðλaÞkl ¼ðλ0Þijðλ0Þkl þ
X8
a¼1

ðλaÞijðλaÞkl ¼2δilδ
k
j ð59Þ

because of the existence of a nonet for the vector
mesons, see Eq. (46). For the pseudoscalar mesons, it is
known that the SU(3) singlet η1 acquires its mass through
the axial anomaly. Therefore, we should not consider the η1
meson inside the loop. In other words, we use the matrix P0
in Eq. (57) for the pseudoscalar meson inside the loop and
the matrix P in Eq. (6) for the emitted physical meson. The
matrix P0 is the same as P with the η1 terms removed.
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After applying Eqs. (57)–(59) to Eq. (56), we obtain

Au ∝ a4 −
1

2
ðPÞkkðBÞliðH3ÞiðBcÞl þ

1

2
ðPÞijðBÞliðH3ÞjðBcÞl

−
1

3
ð1þ 4ρþÞ

�
−a2 −

1

2
ðPÞjlðBÞliðH3ÞiðBcÞj þ

1

2
ðPÞilðBÞliðH3ÞjðBcÞj

�

−
1

3
ρþðPÞlkðBÞki ðH3ÞiðBcÞl −

1

3
ð1þ ρþÞðPÞki ðBÞlkðH3ÞiðBcÞl

þ 1

9
ð1þ ρþÞðPÞlkðBÞkl ðH3ÞiðBcÞi; ð60Þ

where ai are those terms in Eq. (19). Using the relations

f̃a ¼ −a1 þ a5; f̃b ¼ −a2 þ a4; f̃c ¼ −a3 − a5; f̃d ¼ a4 þ a5 ð61Þ

inferred from Eq. (28), we find

Au ¼ U−
�
2

3
ð1 − 2ρþÞf̃b þ f̃d −

1

2
f̃a3 þ

1

6
ð1þ 2ρþÞf̃b3−

1

18
ð1þ 10ρþÞf̃c3 þ

1

6
ð1 − 2ρþÞf̃d3

�
; ð62Þ

where we have assigned an overall unknown U−.
The s- and t-channel rescattering amplitudes have been evaluated in Ref. [30] which we are able to reproduce. The results

read

As ¼ S−
�
−
1

3
ðr− þ 4Þf̃b − 1

3
ðr2− þ 4r−Þf̃c −

1

6
ð7r− − 2Þf̃b3 þ

1

18
ðr− þ 1Þð7r− − 2Þf̃c3 −

1

6
r−ð7r− − 2Þf̃d3

�
; ð63Þ

and

At ¼
X
λ¼�

T−
λ

�
−
1

9
ð2r2λ þ 4rλ þ 11Þf̃a þ 1

3
ð2r2λ − rλÞf̃b þ

1

3
ðr2λ − 2rλ þ 3Þf̃c

þ 1

3
ð2r2λ − 2rλ − 4Þf̃d − 1

18
ð10r2λ þ 2rλ þ 1Þf̃a3 þ

1

3

�
r2λ −

5

2
rλ þ 1

�
f̃b3

−
1

18
ðr2λ þ 11rλ þ 1Þf̃c3 þ

1

6
ðrλ þ 1Þ2f̃d3

�
; ð64Þ

where we have taken the contributions from the intermedi-
ate state BI with both positive and negative parities into
account. Note that the hairpin contributions f̃a and f̃a3 in A

t

were not considered in Ref. [30] as Pi
i ¼

ffiffiffi
3

p
η1. In our

treatment, although the SU(3)-singlet η1 is not considered
for the pseudoscalar meson P0 in the loop, its presence is
allowed for the emitted one P.
Finally, we consider the factorizable contributions to

Bc → BP decays. In the TDA, it arises from the topological
diagrams T and C. This has been done before in Eqs. (28)
and (17):

f̃b ¼ T − C; f̃d ¼ T − C; f̃e ¼ T þ C;

f̃a3 ¼
1

4
ðT − 3CÞ; f̃d3 ¼ −

1

4
ð3T − CÞ; ð65Þ

where we have dropped nonfactorizable terms such
as E1S, E1A, E3, and Eh. If we employ Eq. (44) to
evaluate the factorizable contributions, we will
obtain [30]

f̃b ¼ F̃−
V; f̃d ¼ F̃−

V; f̃e ¼ F̃þ
V ;

f̃a3 ¼
1

4
ð−F̃þ

V þ 2F̃−
VÞ; f̃d3 ¼ −

1

4
ðF̃þ

V þ 2F̃−
VÞ: ð66Þ

Therefore, F̃�
V in Eq. (44) corresponds to T̃ � C̃ in

the TDA.
Collecting all the contributions from Afact and As;t;u, we

have
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f̃a ¼ 1

3

X
λ¼�

ð2r2λ þ 4rλ þ 11ÞT−
λ ;

f̃b ¼ F̃−
V − ðr− þ 4ÞS− − 2ð2ρþ − 1ÞU− þ

X
λ¼�

ð2r2λ − rλÞT−
λ ;

f̃c ¼ −r−ðr− þ 4ÞS− þ
X
λ¼�

ðr2λ − 2rλ þ 3ÞT−
λ ;

f̃d ¼ F̃−
V þ 3U− þ

X
λ¼�

ð2r2λ − 2rλ − 4ÞT−
λ ;

f̃e ¼ F̃þ
V ; ð67Þ

and

f̃a3 ¼
1

4
ð−F̃þ

V þ 2F̃−
VÞ −

3

2
U− −

1

6

X
λ¼�

ð10r2λ þ 2rλ þ 1ÞT−
λ ;

f̃b3 ¼ −
1

2
ð7r− − 2ÞS− þ 1

2
ð2ρþ þ 1ÞU− þ 1

2

X
λ¼�

ð2r2λ − 5rλ þ 2ÞT−
λ ;

f̃c3 ¼
1

6
ðr− þ 1Þð7r− − 2ÞS− −

1

6
ð10ρþ þ 1ÞU− −

1

6

X
λ¼�

ðr2λ þ 11rλ þ 1ÞT−
λ ;

f̃d3 ¼ −
1

4
ðF̃þ

V þ 2F̃−
VÞ −

1

2
r−ð7r− − 2ÞS− þ 1

2
U− þ 1

2

X
λ¼�

ðrλ þ 1Þ2T−
λ : ð68Þ

If we follow Ref. [30] to use r− ¼ rþ ¼ 2.5� 0.8 and define T− ≡ T−þ þ T−
−, then we have

f̃a ¼ −
1

3
ð2r2− þ 4r− þ 11ÞT−

f̃b ¼ F̃−
V − ðr− þ 4ÞS− − 2ð2ρþ − 1ÞU− þ ð2r2− − r−ÞT−;

f̃c ¼ −r−ðr− þ 4ÞS− þ ðr2− − 2r− þ 3ÞT−;

f̃d ¼ F̃−
V þ 3U− þ ð2r2− − 2r− − 4ÞT−;

f̃e ¼ F̃þ
V ;

f̃a3 ¼
1

4
ð−F̃þ

V þ 2F̃−
VÞ −

3

2
U− −

1

6
ð10r2− þ 2r− þ 1ÞT−;

f̃b3 ¼ −
1

2
ð7r− − 2ÞS− þ 1

2
ð1þ 2ρþÞU− þ 1

2
ð2r2− − 5r− þ 2ÞT−;

f̃c3 ¼
1

6
ðr− þ 1Þð7r− − 2ÞS− −

1

6
ðr2− þ 11r− þ 1ÞT− −

1

6
ð10ρþ þ 1ÞU−;

f̃d3 ¼ −
1

4
ðF̃þ

V þ 2F̃−
VÞ −

1

2
r−ð7r− − 2ÞS− þ 1

2
U− þ 1

2
ðr− þ 1Þ2T−; ð69Þ

in the IRA. The naturally established relation between the IRA coefficients and the final-state rescattering (FSR) parameters
arises from the fact that the FSR calculations are performed within the IRA framework. Using the relations between TDA
and IRA given in Eq. (27) we obtain

T̃ ¼ 1

2
ðF̃þ

V þ F̃−
VÞ −

1

2
ðr− þ 4ÞS− þ 1

2
ð2r2− − r−ÞT− − ð2ρþ − 1ÞU−;

C̃ ¼ 1

2
ðF̃þ

V − F̃−
VÞ þ

1

2
ðr− þ 4ÞS− −

1

2
ð2r2− − r−ÞT− þ ð2ρþ − 1ÞU−;

C̃0 ¼ −ðr− þ 4ÞS− þ ðr− þ 4ÞT− − ð4ρþ þ 1ÞU−;
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Ẽ1 ¼ r−ðr− þ 4ÞS− − ðr2− − 2r− þ 3ÞT−;

Ẽh ¼ −
1

3
ð2r2− þ 4r− þ 11ÞT− ð70Þ

and

b̃1 ¼
1

4
ð−F̃þ

V þ 2F̃−
VÞ −

1

6
ð10r2− þ 2r− þ 1ÞT− −

3

2
U−;

b̃2 ¼ −
1

2
ð7r− − 2ÞS− þ 1

2
ð2r2− − 5r− þ 2ÞT− þ 1

2
ð2ρþ þ 1ÞU−;

b̃3 ¼
1

6
ðr− þ 1Þð7r− − 2ÞS− −

1

6
ðr2− þ 11r− þ 1ÞT− −

1

6
ð10ρþ þ 1ÞU−;

b̃4 ¼ −
1

4
ðF̃þ

V þ 2F̃−
VÞ −

1

2
r−ð7r− − 2ÞS− þ 1

2
ðr− þ 1Þ2T− þ 1

2
U− ð71Þ

in the TDA.

IV. NUMERICAL ANALYSIS: RESULTS AND
DISCUSSIONS

A. Input parameters

In our previous analysis [20], the tree-level TDA
coefficients were extracted through a global fit to the
available 30 measurements (see Table VII therein). The
remaining Z2 ambiguity in the relative phase shift, iden-
tified in Refs. [20,28], was subsequently resolved in the
updated global fit presented in [22], which incorporated 38
measurements (see Table XI in Ref. [22]). This refinement
was achieved by including the measured Lee-Yang param-
eter β from the Λþ

c → Λ0πþ and Λþ
c → Λ0Kþ decay modes

reported by LHCb [23]. Additionally, the measured value
of γ in [23] was also utilized in [22] to clarify the relative
magnitude of the S- and P-wave amplitudes, as indicated
by the two sets of partial wave amplitudes observed in the
Λþ
c → Ξ0Kþ decay measured by BESIII [49].
In principle, the accumulation of more data allows for the

extraction of increasingly precise information. By the end
of 2024, three new decay modes of Ξþ

c have been measured
by the Belle and Belle II collaborations [25], yielding

BðΞþ
c → pK0

SÞ ¼ ð7.16� 3.25Þ × 10−4;

BðΞþ
c → ΛπþÞ ¼ ð4.52� 2.09Þ × 10−4;

BðΞþ
c → Σ0πþÞ ¼ ð1.20� 0.55Þ × 10−4: ð72Þ

More recently, in 2025, additional efforts on Ξþ
c decays

have led to the measurements [24]

BðΞþ
c → ΣþK0

SÞ ¼ ð1.94� 0.90Þ × 10−3;

BðΞþ
c → Ξ0πþÞ ¼ ð7.19� 3.23Þ × 10−3;

BðΞþ
c → Ξ0KþÞ ¼ ð4.9� 2.3Þ × 10−4: ð73Þ

These six newly measured branching fractions, together
with the data listed in Table XI of [22], are incorporated as
inputs in the present global fit. A complete summary of the
updated experimental data is presented in Table VII in
Appendix B.
In this work, we focus particularly on singly Cabibbo-

suppressed (SCS) processes, as CP violation in the SM
occurs only in those modes. In terms of the five indepen-
dent TDA tree amplitudes T̃, C̃, C̃0, Ẽ1, and Ẽh inAtree

TDA and
the four independent penguin-related amplitudes b̃1;2;3;4;5 in

Aλb
TDA, the explicit decay amplitudes for all SCS modes are

presented in Table I.
The five unknown parameters ðF̃þ

V ; F̃
−
VÞ and

ðS−; T−; U−Þ represent final-state rescattering contributions
from short-distance (SD) and long-distance (LD) effects,
respectively. The LD contributions are modeled via final-
state rescattering through the s-, t-, and u-channel proc-
esses. The experimental results summarized in Table VII,
along with the theoretical decay amplitudes listed in
Table I, serve as key inputs to the construction of the χ2

function.
Since there exist five independent tilde TDA amplitudes

given in Eq. (11), 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 ; ð74Þ
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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. Likewise, for the
TDA coefficients b̃1;2;3;4 in Aλb

TDA, we have

jb̃1jSeiδ
b̃1
S ; jb̃2jSeiδ

b̃2
S ; jb̃3jSeiδ

b̃3
S ; jb̃4jSeiδ

b̃4
S ;

jb̃1jPeiδ
b̃1
P ; jb̃2jPeiδ

b̃2
P ; jb̃3jPeiδ

b̃3
P ; jb̃4jPeiδ

b̃4
P :

ð75Þ

B. Numerical results for CP violation

The five sets of tree-level TDA parameters
ðT̃; C̃; C̃0; Ẽ1; ẼhÞ can be extracted through a global fit to
the experimental data, including branching fractions and
Lee-Yang parameters. For our purpose, we shall consider

two different fits: Case I without the recent Belle data on
Ξ0
c → Ξ0π0;Ξoηð0Þ [50] and Case II with all the data

included. The fitted results of tree TDA parameters in
Case I are shown in Table II. As for the penguin-related
TDA parameters b̃1;…; b̃4, they cannot be determined
owing to the lack of experimental data on CP violation
in the charmed baryon sector. The observation that sizable
penguin topology can be induced from FSR allows us to
establish the relations between the tree-level and penguin-
level TDA coefficients after introducing some FSR param-
eters F̃þ

V ; F̃
−
V; S

−; T−; U−. They are readily extracted from
Eq. (70). In the middle of Table II, we present the numerical
results for these FSR parameters, including their magni-
tudes and phases. It follows that jT−j > jS−j > jU−j for
both S- and P-wave transitions from a global fit to the
data. Notice that the smallness of U− is compensated
by the largeness of ρþ. Also we see that for the real part of a
P-wave, jT−j > jU−j > jS−j. Hence, although jU−j is

TABLE I. The decay amplitudes of SCS processes in the TDA.

Channel gTDA
Λþ
c → ΛKþ 1ffiffi

6
p ½1

2
ðλd − λsÞð4T̃ − C̃0 þ 2Ẽ1Þ þ λbðb̃2 − 2b̃4 þ 1

2
b̃5Þ�

Λþ
c → Σ0Kþ 1ffiffi

2
p ½1

2
ðλd − λsÞC̃0 þ λbb̃2�

Λþ
c → ΣþK0 1

2
ðλd − λsÞC̃0 þ λbb̃2

Λþ
c → pπ0 1ffiffi

2
p ½1

2
ðλd − λsÞð−2C̃ − C̃0 − Ẽ1Þ þ λbðb̃4 þ 3

4
b̃5Þ�

Λþ
c → pη8 1ffiffi

6
p ½1

2
ðλd − λsÞð6C̃þ C̃0 − Ẽ1Þ þ λbð−2b̃2 þ b̃4 þ 3

4
b̃5Þ�

Λþ
c → pη1 1ffiffi

3
p ½1

2
ðλd − λsÞðC̃0 − Ẽ1 þ 3ẼhÞ þ λbð3b̃1 þ b̃2 þ b̃4Þ�

Λþ
c → nπþ 1

2
ðλd − λsÞð2T̃ − C̃0 − Ẽ1Þ þ λbðb̃4 − 1

4
b̃5Þ

Ξ0
c → Λπ0 1

2
ffiffi
3

p ½1
2
ðλd − λsÞð−2C̃ − 2C̃0 þ Ẽ1Þ þ λbðb̃2 þ b̃4 þ 3

4
b̃5Þ�

Ξ0
c → Λη8 1

6
½1
2
ðλd − λsÞð6C̃þ 3Ẽ1Þ þ λbðb̃2 þ 6b̃3 þ b̃4 þ 3

4
b̃5Þ�

Ξ0
c → Λη1 1

3
ffiffi
2

p ½1
2
ðλd − λsÞð3C̃0 − 3Ẽ1 þ 9ẼhÞ þ λbð3b̃1 þ b̃2 þ b̃4Þ�

Ξ0
c → Σ0π0 1

2
½1
2
ðλd − λsÞð−2C̃ − Ẽ1Þ þ λbðb̃2 þ 2b̃3 þ b̃4 þ 3

4
b̃5Þ�

Ξ0
c → Σ0η8 1

2
ffiffi
3

p ½1
2
ðλd − λsÞð6C̃þ 2C̃0 þ Ẽ1Þ þ λbðb̃2 þ b̃4 þ 3

4
b̃5Þ�

Ξ0
c → Σ0η1 1ffiffi

6
p ½1

2
ðλd − λsÞð−C̃0 þ Ẽ1 − 3ẼhÞ þ λbð3b̃1 þ b̃2 þ b̃4Þ�

Ξ0
c → Σþπ− 1

2
ðλd − λsÞð−Ẽ1Þ þ λbðb̃2 þ b̃3Þ

Ξ0
c → Σ−πþ 1

2
ðλd − λsÞð2T̃Þ þ λbðb̃3 þ b̃4 − 1

4
b̃5Þ

Ξ0
c → Ξ0K0 1

2
ðλd − λsÞð−C̃0 − Ẽ1Þ þ λbb̃3

Ξ0
c → Ξ−Kþ 1

2
ðλd − λsÞð−2T̃Þ þ λbðb̃3 þ b̃4 − 1

4
b̃5Þ

Ξ0
c → pK− 1

2
ðλd − λsÞẼ1 þ λbðb̃2 þ b̃3Þ

Ξ0
c → nK̄0 1

2
ðλd − λsÞðC̃0 þ Ẽ1Þ þ λbb̃3

Ξþ
c → Λπþ 1ffiffi

6
p ½1

2
ðλd − λsÞð−2T̃ þ 2C̃0 − Ẽ1Þ þ λbð−b̃2 − b̃4 þ 1

4
b̃5Þ�

Ξþ
c → Σ0πþ 1ffiffi

2
p ½1

2
ðλd − λsÞð2T̃ þ Ẽ1Þ þ λbð−b̃2 þ b̃4 − 1

4
b̃5Þ�

Ξþ
c → Σþπ0 1ffiffi

2
p ½1

2
ðλd − λsÞð2C̃ − Ẽ1Þ þ λbðb̃2 − b̃4 − 3

4
b̃5Þ�

Ξþ
c → Σþη8 1ffiffi

6
p ½1

2
ðλd − λsÞð−6C̃ − 2C̃0 − Ẽ1Þ þ λbð−b̃2 − b̃4 − 3

4
b̃5Þ�

Ξþ
c → Σþη1 1ffiffi

3
p ½1

2
ðλd − λsÞðC̃0 − Ẽ1 þ 3ẼhÞ þ λbð−3b̃1 − b̃2 − b̃4Þ�

Ξþ
c → Ξ0Kþ 1

2
ðλd − λsÞð2T̃ − C̃0 − Ẽ1Þ þ λbð−b̃4 þ 1

4
b̃5Þ

Ξþ
c → pK̄0 1

2
ðλd − λsÞC̃0 þ λbð−b̃2Þ
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smaller than jT−j and jS−j, the u-channel contribution
is not negligible. Moreover, it is not justified to
neglect the s-channel contribution as argued in
Ref. [46]. IRA fitted parameters are summarized in
Table III, providing an independent cross-check of the
TDA calculations, despite the existence of relations such
as Eq. (27).
Next, the remaining parameters associated with penguin

contributions, ðb̃1;…; b̃5Þ, can be obtained from Eq. (71)
with the help of the previously determined FSR parameters.
Each of these penguin parameters contains four degrees of

freedom, corresponding to the magnitudes and phases of
the S- and P-wave amplitudes.
With the calculated b̃i values and the tree-level coef-

ficients at hand, it is time to compute the CP-violating
observables as listed in Table IV. In general, CP asymme-
tries are small of order 10−4 or even smaller. Nevertheless,
CP violation at the per mille level is found in the following
decay modes:

Λc→pπ0; Λc→pη0; Ξ0
c→Σ0η; Ξþ

c →Σþη;

with the predictions

TABLE II. The TDA coefficients and FSR parameters. The upper entries are tree-level coefficients obtained from
the global fit in Case I. The middle ones are FSR parameters extracted from Eq. (70) while the lower entries
associated with penguin diagrams are solved from Eq. (71). In the calculation, we have adopted ρþ ¼ −21 and
r− ¼ 2.5.

jXijS jXijP δXi
S δXi

P

ð10−2GF GeV2Þ ðin radianÞ
T̃ 4.31� 0.11 12.11� 0.31 � � � 2.39� 0.04
C̃ 3.23� 0.48 11.35� 0.93 3.10� 0.11 −0.72� 0.16
C̃0 5.84� 0.35 17.74� 0.92 0.02� 0.04 2.27� 0.11
Ẽ1 2.79� 0.19 10.41� 0.47 −2.81� 0.06 1.83� 0.09
Ẽh 4.30� 0.50 13.26� 1.83 2.70� 0.11 −1.85� 0.20

F̃þ
V 1.10� 0.43 0.83� 0.46 0.13� 0.35 2.01� 1.37

F̃−
V 0.48� 0.43 7.01� 1.79 0.69� 1.02 −2.81� 0.15

S− 0.12� 0.01 0.92� 0.05 −2.20� 0.11 1.66� 0.08
T− 0.39� 0.04 1.19� 0.16 −0.45� 0.11 1.29� 0.20
U− 0.04� 0.00 0.22� 0.01 0.17� 0.08 2.43� 0.08

b̃1 4.57� 0.78 16.04� 2.43 2.89� 0.13 −2.00� 0.18

b̃2 0.49� 0.11 10.00� 0.22 1.30� 0.25 −1.11� 0.07

b̃3 1.38� 0.30 10.89� 1.13 2.93� 0.19 2.47� 0.11

b̃4 3.16� 0.37 11.94� 0.93 0.23� 0.10 −0.96� 0.15

b̃5 1.10� 0.43 0.83� 0.46 0.13� 0.35 2.01� 1.37

TABLE III. The fitted IRA coefficients under the same condition as that of Table II.

jXijS jXijP δXi
S δXi

P

ð10−2GF GeV2Þ ðin radianÞ
f̃a 4.30� 0.50 13.26� 1.82 � � � 1.74� 0.15

f̃b 7.54� 0.55 23.45� 1.11 −2.71� 0.10 −0.29� 0.11

f̃c 2.79� 0.19 10.41� 0.47 −2.36� 0.12 2.28� 0.15

f̃d 1.71� 0.51 6.36� 1.26 −2.84� 0.19 0.10� 0.20

f̃e 1.10� 0.45 0.83� 0.46 −2.57� 0.43 −0.69� 2.40

f̃a3 4.57� 0.81 16.04� 2.43 2.89� 0.04 −1.80� 0.14

f̃b3 0.49� 0.11 10.00� 0.23 1.50� 0.29 −0.91� 0.12

f̃c3 1.38� 0.31 10.89� 1.19 3.13� 0.13 2.67� 0.15

f̃d3 3.16� 0.38 11.94� 0.94 0.43� 0.11 −0.75� 0.21

f̃e3 1.10� 0.45 0.83� 0.46 0.33� 0.43 2.21� 2.40
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TABLE IV. The predicted CP observables calculated with ρþ ¼ −21 and r− ¼ 2.5 in both TDA (upper) and IRA (lower).

Channel 103B 104ACP 104AS
CP 104AP

CP 104Aα 104Rβ

Λþ
c → Λ0Kþ 0.64� 0.03 0.49� 0.87 5.07� 2.27 −0.30� 0.83 6.89� 0.82 −7.66� 1.67

0.64� 0.03 0.49� 0.91 5.07� 2.30 −0.30� 0.87 6.89� 0.82 −7.66� 1.68

Λþ
c → Σ0Kþ 0.39� 0.02 −1.33� 0.27 −1.04� 0.25 −1.73� 0.64 −4.68� 0.97 2.93� 0.50

0.39� 0.02 −1.33� 0.28 −1.04� 0.25 −1.73� 0.67 −4.68� 0.98 2.93� 0.50

Λþ
c → ΣþKS 0.39� 0.02 −1.33� 0.27 −1.04� 0.25 −1.73� 0.64 −4.68� 0.97 2.93� 0.50

0.39� 0.02 −1.33� 0.28 −1.04� 0.25 −1.73� 0.67 −4.68� 0.98 2.93� 0.50

Λþ
c → pπ0 0.19� 0.03 −7.88� 2.92 −0.86� 4.46 −13.13� 2.76 6.97� 9.17 −0.78� 2.09

0.19� 0.03 −7.88� 2.95 −0.86� 4.57 −13.13� 2.75 6.97� 9.78 −0.78� 2.21

Λþ
c → pη 1.63� 0.09 2.55� 0.23 2.55� 0.58 2.54� 0.24 0.45� 0.31 −0.77� 0.44

1.63� 0.09 2.55� 0.22 2.55� 0.59 2.54� 0.24 0.45� 0.31 −0.77� 0.44

Λþ
c → pη0 0.52� 0.08 −14.40� 1.26 −17.31� 4.08 −13.57� 1.78 −1.81� 2.62 −0.69� 2.33

0.52� 0.08 −14.40� 1.26 −17.31� 4.06 −13.57� 1.78 −1.81� 2.76 −0.69� 2.35

Λþ
c → nπþ 0.61� 0.06 −5.16� 0.90 −0.65� 0.84 −17.36� 2.48 −5.55� 3.86 −2.99� 1.43

0.61� 0.06 −5.16� 0.90 −0.65� 0.86 −17.36� 2.54 −5.55� 3.89 −2.99� 1.47

Ξ0
c → Λ0π0 0.07� 0.01 1.76� 2.31 0.92� 0.41 29.36� 57.57 51.88� 308.2 −23.28� 31.01

0.07� 0.02 1.76� 2.32 0.92� 0.41 29.36� 57.67 51.88� 69.69 −23.28� 16.56

Ξ0
c → Λ0η 0.40� 0.05 3.97� 0.79 1.79� 0.55 9.15� 2.95 −4.07� 0.87 3.52� 1.69

0.40� 0.05 3.97� 0.82 1.79� 0.54 9.15� 3.17 −4.07� 0.88 3.52� 1.71

Ξ0
c → Λ0η0 0.63� 0.08 −3.96� 0.38 −4.29� 1.00 −3.84� 0.61 0.32� 0.52 −0.51� 0.52

0.63� 0.08 −3.96� 0.38 −4.29� 1.01 −3.84� 0.62 0.32� 0.53 −0.51� 0.52

Ξ0
c → Σ0π0 0.34� 0.03 −3.26� 0.72 −2.55� 0.68 −5.40� 2.71 −0.40� 0.58 −2.45� 2.90

0.34� 0.03 −3.26� 0.74 −2.55� 0.69 −5.40� 2.85 −0.40� 0.59 −2.45� 3.07

Ξ0
c → Σ0η 0.17� 0.03 11.58� 1.55 5.20� 1.37 16.52� 4.41 −0.60� 2.46 −14.72� 37.07

0.17� 0.03 11.58� 1.62 5.20� 1.41 16.52� 4.58 −0.60� 2.64 −14.72� 25.20

Ξ0
c → Σ0η0 0.18� 0.03 4.73� 0.96 5.56� 2.11 4.07� 1.86 −1.29� 1.72 0.54� 0.48

0.18� 0.03 4.73� 0.96 5.56� 2.17 4.07� 1.98 −1.29� 1.79 0.54� 0.48

Ξ0
c → Σþπ− 0.26� 0.02 1.61� 1.04 −5.19� 1.02 5.64� 1.44 −41.25� 68.74 −1.19� 0.62

0.26� 0.02 1.61� 1.07 −5.19� 1.02 5.64� 1.52 −41.26� 361.3 −1.19� 0.64

Ξ0
c → Σ−πþ 1.80� 0.05 −1.63� 0.46 −1.47� 0.39 −1.80� 0.68 −1.28� 0.34 1.46� 0.30

1.80� 0.05 −1.63� 0.47 −1.47� 0.40 −1.80� 0.70 −1.28� 0.34 1.46� 0.30

Ξ0
c → Ξ0KS=L 0.38� 0.01 1.50� 0.50 −0.18� 1.31 1.81� 0.59 −5.86� 0.48 4.38� 1.48

0.38� 0.01 1.50� 0.53 −0.18� 1.32 1.81� 0.62 −5.86� 0.48 4.38� 1.48

Ξ0
c → Ξ−Kþ 1.31� 0.04 1.59� 0.43 1.47� 0.39 1.80� 0.68 1.32� 0.34 −1.43� 0.32

1.31� 0.04 1.59� 0.44 1.47� 0.40 1.80� 0.70 1.32� 0.34 −1.43� 0.32

Ξ0
c → pK− 0.31� 0.02 −2.61� 1.11 5.19� 1.02 −5.64� 1.44 41.98� 67.85 2.19� 0.69

0.31� 0.02 −2.61� 1.16 5.19� 1.02 −5.64� 1.52 41.98� 307.3 2.19� 0.71

Ξ0
c → nKS=L 0.83� 0.04 −1.67� 0.54 0.18� 1.31 −1.82� 0.59 6.03� 0.51 −4.21� 1.52

0.83� 0.04 −1.67� 0.57 0.18� 1.32 −1.81� 0.62 6.02� 0.51 −4.21� 1.52

Ξþ
c → Λ0πþ 0.21� 0.04 3.15� 3.95 1.26� 0.60 81.20� 171.2 62.14� 548.6 −53.44� 76.39

0.21� 0.04 3.15� 4.09 1.26� 0.59 81.20� 91.49 62.15� 180.3 −53.44� 188.1

Ξþ
c → Σ0πþ 3.16� 0.09 0.16� 0.65 −1.32� 0.81 0.56� 0.73 −3.66� 0.46 2.85� 0.47

3.16� 0.09 0.16� 0.68 −1.32� 0.83 0.56� 0.76 −3.66� 0.46 2.85� 0.47

Ξþ
c → Σþπ0 2.57� 0.11 0.03� 0.74 −4.80� 2.96 0.65� 0.68 −6.20� 1.82 6.64� 4.41

2.57� 0.11 0.03� 0.73 −4.80� 2.96 0.65� 0.68 −6.20� 1.94 6.64� 4.66

Ξþ
c → Σþη 1.02� 0.17 11.59� 1.55 5.20� 1.37 16.52� 4.41 −0.62� 2.45 −14.73� 37.07

1.02� 0.16 11.59� 1.62 5.20� 1.41 16.52� 4.58 −0.62� 2.64 −14.73� 25.21

Ξþ
c → Σþη0 1.09� 0.17 4.73� 0.96 5.56� 2.11 4.07� 1.86 −1.29� 1.73 0.54� 0.48

1.09� 0.18 4.73� 0.96 5.56� 2.17 4.07� 1.98 −1.29� 1.79 0.54� 0.48

Ξþ
c → Ξ0Kþ 1.15� 0.10 3.02� 0.73 0.65� 0.84 17.35� 2.48 7.70� 3.62 5.12� 1.62

1.15� 0.10 3.02� 0.73 0.65� 0.86 17.35� 2.53 7.70� 3.64 5.12� 1.69

Ξþ
c → pKS=L 1.52� 0.08 −1.47� 0.39 −1.04� 0.25 −1.73� 0.64 −4.54� 1.07 3.07� 0.59

1.52� 0.08 −1.47� 0.40 −1.04� 0.25 −1.73� 0.67 −4.54� 1.09 3.07� 0.59
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ACPðΛc → pπ0Þ ¼ −ð0.8� 0.3Þ × 10−3; ACPðΛc → pη0Þ ¼ ð1.4� 0.1Þ × 10−3;

ACPðΞ0
c → Σ0ηÞ ¼ ð1.2� 0.2Þ × 10−3; ACPðΞþ

c → ΣþηÞ ¼ ð1.2� 0.2Þ × 10−3: ð76Þ

Likewise, the following modes have P-wave CP asymme-
tries of order 10−3

Λþ
c →pπ0; Λþ

c →pη0; Λþ
c →nπþ; Ξ0

c→Λπ0;

Ξ0
c→Σ0η; Ξþ

c →Λπþ; Ξþ
c →Σþη; Ξþ

c →Ξ0Kþ;

ð77Þ

while among them, only the decay Λþ
c → pη0 has a large

S-wave CP asymmetry. From Table IV we also see that the
U-spin symmetry relations [13,51]

ACPðΛþ
c → nπþÞ ¼ −ACPðΞþ

c → Ξ0KþÞ;
ACPðΛþ

c → ΣþKS;LÞ ¼ −ACPðΞþ
c → pKS;LÞ;

ACPðΞ0
c → Ξ0KS;LÞ ¼ −ACPðΞ0

c → nKS;LÞ;
ACPðΞ0

c → Σ−πþÞ ¼ −ACPðΞ0
c → Ξ−KþÞ;

ACPðΞ0
c → Σþπ−Þ ¼ −ACPðΞ0

c → pK−Þ ð78Þ

are satisfied as far as the relative sign is concerned.

C. Comparison with other works on CP violation

CP violation in the charmed baryon decays has been
recently elaborated on in the final-state rescattering mecha-
nism which amounts to considering the hadronic triangle
diagrams in Refs. [30,46]. In this subsection we shall
compare our work with them.

1. Comparison with Jia et al. [46]

In Ref. [46], the loop integrals in the hadronic triangle
diagrams are evaluated completely to take into account
both real and imaginary parts of amplitudes so that the
nontrivial strong phases, which are crucial for computing
CP violating effects, are obtained. Specifically, branching
fractions and CP asymmetries in the two-body decays
Λþ
c → B8V with a vector meson in the final state are the

main focus of Ref. [46].
In this work we also consider the triangle diagrams in

Fig. 3. However, we differ from the work of [46] in several
respects:
(a) In our work we did not evaluate the triangle diagrams

explicitly. As explained in [30], our goal is to project
out the triangle diagram contributions to penguin and
nonpenguin amplitudes. A priori we do not know how
to evaluate the diagrams depicted in Fig. 3 at the quark
level which have the penguin topology. At the hadron
level, they are manifested as the triangle diagrams and
the s-channel bubble diagram. However, these dia-

grams consist of not only the penguin topology but also
other tree topologies. Therefore, we focus on the flavor
structure of the triangle and bubble diagrams and
project out their contributions to penguin and tree
topologies.

(b) Since the loop amplitude of the triangle diagram is
divergent and the exchanged particles in the t- or u-
channel are off-shell, it is necessary to introduce form
factors or cutoffs to the strong vertices to render the
calculation meaningful in perturbation theory. For
example, the form factor is parametrized as [52]

F ¼
�
Λ2 �m2

Λ2 � p2

�
n

; Λ ¼ mþ ηΛQCD; ð79Þ

where � refer to the s-channel and t=u channel,
respectively. Even though the strong couplings are
large in magnitude, the rescattering amplitude is
suppressed by a factor of F2 ∼m2Λ2

QCD=p
4. Conse-

quently, the off-shell effect will render the perturbative
calculations meaningful.
In our treatment we do not need to specify the q2

dependence of the couplings explicitly as we are
concerned with the relation between various parame-
ters. In other words, we are interested in the decom-
position of the triangle or bubble diagram into various
IRA or TDA amplitudes, rather than the explicitly
detailed expressions of the diagrams.We have assigned
overall unknown parameters S−, T−, and U−, respec-
tively, to s-, t- and u-channel rescattering processes;
they will take into account the cutoff mechanism.

(c) The s-channel contributions from Fig. 3(a) were
neglected in [46] based on the argument that the excited
states have large width which cannot be neglected,

S ∼
1

p2 −m2 þ imΓ
; ð80Þ

so that the s-channel contributions for charmed hadron
decay will be suppressed by the width effects of
resonant states. In our work, whether the s-channel
contribution is negligible or not can be inferred from the
overall unknown parameter S−. From Table II we see
that jT−j > jS−j > jU−j from a global fit to the data.
Hence, the s-channel contribution is not negligible.

2. Comparison with He and Liu [30]

The final-state rescattering approach to charmed baryon
CP violation has also been explored recently in Ref. [30].

CHENG, XU, and ZHONG PHYS. REV. D 112, 054022 (2025)

054022-18



The interaction at the hadron level is obtained by con-
tracting all possible SUð3ÞF indices of antitriplet charmed
baryons, the baryon octet, the meson nonet as well as theH
matrices, in analog to the methodology adopted in the
current work. However, our work differs from [30] in the
following respects:

(i) We have included the u-channel contribution of
FSR, which was neglected in [30]. As shown
explicitly in Eq. (71), the u-channel contribution,
represented by the unknown parameter U−, appears
in all four sets of penguin topology parameters
b̃1;…;4. Whether U− is negligible or not can be
assessed through a global fit. Indeed, we found that
jT−j > jS−j > jU−j. Recall that U− is often accom-
panied by ρþ, whereas T− and S− by r�. Since ρþ is
much larger than r� in magnitude, the smallness of
U− is compensated by the largeness of ρþ. Hence,
although jU−j is smaller than jT−j and jS−j, the
u-channel contribution is not negligible.

(ii) We have incorporated the hairpin contribution from
the b̃1 term in Eq. (16) [or equivalently the f̃a3 term in
Eq. (26)],whichwas not discussed in [30].Numerical
estimates of the various coefficients, including b̃i, are
presented in Table II. Themagnitude of b̃1 is found to
be sizable and should therefore make a significant
contribution to the processes involving the SU(3)-
singlet η1. Moreover, comparing the coefficients b̃i in
Table V with those reported in Ref. [30], we find that
the sizes of b̃3 in S-wave and b̃4 in S- (P-)wave are
smaller (larger) than those in [30].

(iii) The predicted modes with large CP violation in our
analysis differ from those presented in Ref. [30]. In
particular, we do not observe significantCP violation
in the decays Ξ0

c → Σþπ− and Ξ0
c → pK−. For

example, the CP asymmetry of Ξ0
c → Σþπ− was

estimated to be ACPðΞ0
c → Σþπ−Þ ¼ ð0.71�

0.26Þ × 10−3 in [30], whereas our prediction yields

a smaller value of ð0.16� 0.11Þ × 10−3. This dis-
crepancy is understandable, as its decay amplitude
receives contributions from b̃2 and b̃3 (see Table I)
and both of them are subject to the destructive
interference between T− and U−. Conversely, our
analysis predicts sizableCPviolation in decaymodes
involving η or η0, as shown inEq. (76),whichwere not
highlighted in Ref. [30]. This is ascribed to the effect
of the hairpin b̃1 term in our approach, and the
predictions may be tested in the future.

D. Numerical results for branching fractions, Lee-Yang
parameters, and phase shifts

Since there are six more data after our latest global fit
[22], we will present the new fitting results of branching
fractions, Lee-Yang parameters, and magnitudes of S- and
P-wave amplitudes and their phase shifts in the TDA and
IRA in Tables VIII–X in Appendix C. As noticed in
passing, we consider two different fits: Case I without
the recent Belle data on Ξ0

c → Ξ0π0;Ξoηð0Þ [50] and Case II
with all the data included. The χ2 values of the TDA and
IRA fits in Cases I and II are shown in Table VI. It is clear
that the χ2 value per degree of freedom is around 3.3 in
Case I, but slightly higher in Case II.
In Table II, we list the numerical values of the coef-

ficients for the tree-level diagrams (also presented in Table
II of Ref. [22]) as well as those for the penguin topological
diagrams.
A quantity Δ ¼ argðHþ=H−Þ, which is the phase differ-

ence between the two helicity amplitudes, was recently
measured by LHCb [23]. The decay parameters are then
determined by

β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2

p
sinΔ; γ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2

p
cosΔ: ð81Þ

We follow our previous analysis [22] to use the new LHCb
measurements to fix the sign ambiguity of β and γ. As for

TABLE V. A comparison of coefficients associated with penguin diagrams, in which the upper entries are results
obtained in this work while the lower entries are quoted from Ref. [30]. Note that the f̃b;c;d3 and f̃e in [30] correspond
to b̃2;3;4 and b̃5, respectively, in this work.

jXijS jXijP δXi
S δXi

P

ð10−2GF GeV2Þ ðin radianÞ
b̃1 4.20� 0.29 16.86� 1.30 2.64� 0.08 −2.03� 0.08

� � � � � � � � � � � �
b̃2 0.64� 0.05 10.22� 0.17 1.09� 0.08 −1.10� 0.01

0.70� 0.11 9.09� 4.67 0.90� 0.63 −1.01� 0.07
b̃3 1.48� 0.11 11.51� 0.57 3.04� 0.10 2.50� 0.05

4.37� 0.99 10.46� 0.65 −3.07� 0.05 −0.69� 0.13
b̃4 3.06� 0.16 11.69� 0.48 0.23� 0.04 −0.88� 0.04

5.12� 2.66 1.99� 5.23 0.22� 0.17 −2.07� 1.32
b̃5 1.25� 0.18 0.93� 0.34 0.30� 0.11 2.76� 1.35

1.17� 0.74 0.40� 0.63 −2.80� 0.27 −0.97� 6.10
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the phase shift between S- and P-wave amplitudes, it is
naively expected that δP − δS ¼ arctanðβ=αÞ (see, for
example, Ref. [53]). However, this relation often leads to
an ambiguity of �π rad. We have argued to employ a more
suitable one [20],

δP − δS ¼ 2 arctan
βffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

α2 þ β2
p

þ α
: ð82Þ

It naturally covers the correct solution space without
imposing manual modification. Likewise, the phase differ-
ence Δ between the two helicity amplitudes is related to the
decay parameters β and γ by

Δ ¼ 2 arctan
βffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

β2 þ γ2
p

þ γ
ð83Þ

in analog to Eq. (82). The fit results for the phase shift
δP − δS and the magnitudes of S- and P-wave amplitudes
are substantially improved over our previous analyses with
smaller errors.
For the decay Λþ

c → Ξ0Kþ, BESIII found [53]

α ¼ 0.01� 0.16� 0.03; β ¼ −0.64� 0.69� 0.13;

γ ¼ −0.77� 0.58� 0.11; ð84Þ

and uncovered two sets of solutions for the magnitudes of
S- and P-wave amplitudes as well as two solutions for the
phase shift,

δP−δS ¼−1.55�0.25�0.05 or 1.59�0.25�0.05 rad:

ð85Þ

Our fits with αΞ0Kþ ¼ −0.07� 0.12, βΞ0Kþ ¼
−0.99� 0.01, and δP − δS ¼ −1.64� 0.12 rad in Case I
are consistent with the first phase-shift solution as well as
the Lee-Yang parameters αΞ0Kþ and βΞ0Kþ . As noticed in
Ref. [22], we have checked that if we set δXi

S ¼ δXi
P ¼ 0

from the outset and remove the input of ðαΞ0KþÞexp, the fit
αΞ0Kþ will be of order 0.95. Hence, we conclude that it is
necessary to incorporate the phase shifts to accommodate
the data. It is the smallness of j cosðδP − δSÞj ∼ 0.04 that
accounts for the nearly vanishing αΞ0Kþ .
Besides the decay Λþ

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

c → ΣþK−;Σþπ−; pK−; pπ−; nπ0,
and Ξþ

c → pπ0; nπþ also have δP − δS similar to that in

Λþ
c → Ξ0Kþ and their decay asymmetries will become

smaller (see Tables VIII–X.). In particular, for the Cabibbo-
favored (CF) channel Ξ0

c → ΣþK− whose branching frac-
tion has been measured before, we predict that αΞ0

c→ΣþK− ¼
−0.07�0.12 in Case I is very similar to that ofΛþ

c → Ξ0Kþ.
This can be used to test our theoretical framework.

V. CONCLUSIONS

There exist two distinct ways in realizing the approxi-
mate SU(3) flavor symmetry to describe the two-body
nonleptonic decays of charmed baryons: the irreducible
SU(3) approach and the topological diagram approach. They
provide a powerful tool for model-independent analyses.
Among them, the IRA has become very popular in recent
years.Nevertheless, theTDAhas the advantage that it ismore
intuitive, graphic, and easier to implement model calcula-
tions. The original expression of TDA amplitudes, with six
more penguin diagrams included, is given in Eq. (5). Five
independent TDA tree amplitudes T̃, C̃, C̃0, Ẽh, and Ẽ1 are
shown in Eq. (11). In terms of the charmed baryon state ðBcÞi
and the octet baryon ðB8Þij, TDA amplitudes can be decom-

posed into Atree
TDA [see Eq. (15)] and Aλb

TDA [Eq. (16)], where
the latter is proportional to λb and has four independent
amplitudes. In the final-state rescatteringmechanism, sizable
penguin topology can be induced from LD rescattering. This
allows us to establish the relations between the TDA
coefficients in Aλb

TDA and Atree
TDA. Based on the TDA at the

tree level, we have updated the global fits to the currently
available data of two-body charmed baryon decays, includ-
ing the recent six measurements of Ξþ

c decays performed by
Belle and Belle II.
Phenomenological implications are as follows:
(1) The equivalence of the TDA and IRA is formally

demonstrated in Sec. II B. The numerical analyses
within their errors do support the conclusion that the
two approaches are equivalent, although some
differences were observed in the uncertainties of
certain observables, originated from inputs of fitted
parameters, propagated and pronounced by non-
linear derivatives.

(2) We argue for one to apply Eqs. (82) and (83) to
extract the phase shift δP − δS from the decay
parameters α and β and the phase difference Δ
between the two helicity amplitudes from β and γ,
respectively, to avoid a possible ambiguity of �π.

(3) Since we use the new LHCb measurements to fix the
sign ambiguity of β and γ, the fit results for the phase
shift δP − δS and the magnitudes of S- and P-wave
amplitudes are substantially improved over our pre-
vious analyses with smaller errors. The fitting branch-
ing fractions, decay parameters, and magnitudes of
S- and P-wave amplitudes and their phase shifts in
both the TDAand IRAare presented inTablesVIII–X.
These results can be tested in the near future.

TABLE VI. The χ2 values of the TDA and IRA fits in Cases I
and II.

Case I Case II

TDA IRA TDA IRA

χ2 65.47 65.47 89.53 90.08
χ2=d:o:f. 3.27 3.27 3.73 3.75
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(4) Final-state s-, t-, and u-channel rescattering contri-
butions to Bc → PB from the external W-emission
are depicted in Figs. 3(a)–3(c), respectively. They
have the same topology as the penguin one.
Although we do not know how to evaluate these
diagrams at the quark level, their contributions at the
hadron level manifested as the pole and triangle
diagrams are amenable. We have followed the work
of He and Liu [30] to assign the FSR parameters S−,
T−, andU− as the overall unknown parameters to the
respective channels. The FSR parameters and TDA
penguin coefficients then can be resolved via
Eqs. (70) and (71). We found that jT−j > jS−j >
jU−j for both S- and P-wave transitions from a
global fit to the data. Hence, the u-channel contri-
bution is small compared to t- and s-channel ones,
nevertheless it is not entirely negligible. Recall that
the parameter ρþ in the u-channel is much larger in
magnitude than the parameters r� in s- and
t-channels. Moreover, it is not justified to neglect
the s-channel contribution as claimed in Ref. [46].

(5) For the u-channel decay amplitude of Bc → PB
mediated by the vector-meson exchange, we have
made the assumption that it is dominated by the
tensor coupling f̃VB0B.

(6) The predicted CP-violating observables are summa-
rized in Table IV. CP asymmetries at the per mille
are found in the following decay modes:

Λc→pπ0; Λc→pη0; Ξ0
c→Σ0η; Ξþ

c →Σþη:

In particular, we do not observe significant
CP violation in the decays Ξ0

c → Σþπ− and

Ξ0
c → pK− as advocated in Ref. [30]. This discrep-

ancy is traced back to the decay amplitude in our
framework which receives contributions from b̃2 and
b̃3, both of which are subject to a destructive
interference between T− and U−.
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APPENDIX A: STRONG PBB COUPLINGS

The interaction of the pseudoscalar meson with octet
baryons under SU(3) symmetry has the general expression

LPBB ¼ g1B̄iγ5DaBPa þ g2B̄iγ5FaBPa

¼ gB̄iγ5½αDa þ ð1 − αÞFa�BPa; ðA1Þ

where the D- and F-type matrices can be found in [54].
Hence, one needs two parameters g and α to describe the
PBB couplings. Alternatively, we follow [30] to write

X
Bþ;B;P

gBþBPPB̄iγ5Bþ ¼ gþ½ðPÞijðB̄Þjkiγ5ðBþÞki þ rþðPÞjkðB̄Þijiγ5ðBþÞki �;
X

B−;B;P

gB−BPPB̄B− ¼ g−½ðPÞijðB̄ÞjkðB−Þki þ r−ðPÞjkðB̄ÞijðB−Þki �; ðA2Þ

where the subscript � denotes the positive (negative) parity of the baryon B. The PBB� couplings are then expressed in
terms of g� and r�. For example,

gnΣ−Kþ ¼gþ; gΛpKþ ¼ gþffiffiffi
6

p ð1−2rþÞ;

gΛΣ−πþ ¼
gþffiffiffi
6

p ð1þrþÞ; gΣ0Σþπ− ¼
gþffiffiffi
2

p ð1−rþÞ: ðA3Þ

Using the input of gnΣ−Kþ ¼ 6.70 and gΛpKþ ¼ −10.78, He and Liu [30] obtained gþ ¼ 6.70 and rþ ¼ 2.47. However, if
the input of gnΣ−Kþ ¼ 4.95, gΛpKþ ¼ −15.2, gΛΣ−πþ ¼ 10.6 and gΣ0Σþπ− ¼ −13.3 from [55] is employed, we will have
gþ ¼ 4.95 and rþ ¼ 4.26.

APPENDIX B: EXPERIMENTAL DATA

The latest experimental data on branching fractions and Lee-Yang parameters of antitriplet charmed baryon decays are
summarized in Table VII.
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APPENDIX C: NEW FITTING RESULTS OF BRANCHING FRACTIONS,
LEE-YANG PARAMETERS ETC.

The new fitting results of branching fractions, Lee-Yang parameters, and magnitudes of S- and P-wave amplitudes and
their phase shifts in the TDA and IRA are presented in Tables VIII–X.

TABLE VII. Updated experimental data on branching fractions and Lee-Yang parameters. The upper entries correspond to those used
in the earlier analysis [22], while the lower entries include the latest measurements from Belle and Belle II [24,25].

Observable PDG [56] BESIII Belle LHCb Average

102BðΛþ
c → Λ0πþÞ 1.29� 0.05 1.29� 0.05

102BðΛþ
c → Σ0πþÞ 1.27� 0.06 1.27� 0.06

102BðΛþ
c → Σþπ0Þ 1.24� 0.09 1.24� 0.09

102BðΛþ
c → ΣþηÞ 0.32� 0.05 0.32� 0.05

102BðΛþ
c → Σþη0Þ 0.41� 0.08 0.41� 0.08

102BðΛþ
c → Ξ0KþÞ 0.55� 0.07 0.55� 0.07

104BðΛþ
c → Λ0KþÞ 6.42� 0.31 6.42� 0.31

104BðΛþ
c → Σ0KþÞ 3.70� 0.31 3.70� 0.31

104BðΛþ
c → ΣþKSÞ 4.7� 1.4 4.7� 1.4

104BðΛþ
c → nπþÞ 6.6� 1.3 6.6� 1.3

104BðΛþ
c → pπ0Þ < 0.8 1.56þ0.75

−0.61 1.56þ0.75
−0.61

102BðΛþ
c → pKSÞ 1.59� 0.07 1.59� 0.07

103BðΛþ
c → pηÞ 1.57� 0.12 1.63� 0.33 1.58� 0.11

104BðΛþ
c → pη0Þ 4.8� 0.9 4.8� 0.9

102BðΞ0
c → Ξ−πþÞ 1.43� 0.27 1.80� 0.52 1.80� 0.52

102
BðΞ0

c→Ξ−KþÞ
BðΞ0

c→Ξ−πþÞ
2.75� 0.57 2.75� 0.57

102
BðΞ0

c→ΛK0
SÞ

BðΞ0
c→Ξ−πþÞ

22.5� 1.3 22.5� 1.3

102
BðΞ0

c→Σ0K0
SÞ

BðΞ0
c→Ξ−πþÞ

3.8� 0.7 3.8� 0.7

102
BðΞ0

c→ΣþK−Þ
BðΞ0

c→Ξ−πþÞ
12.3� 1.2 12.3� 1.2

103BðΞ0
c → Ξ0π0Þ 6.9� 1.6 6.9� 1.6

103BðΞ0
c → Ξ0ηÞ 1.6� 0.5 1.6� 0.5

103BðΞ0
c → Ξ0η0Þ 1.2� 0.4 1.2� 0.4

102BðΞþ
c → Ξ0πþÞ 1.6� 0.8 0.719� 0.323 [24] 0.84� 0.48

αðΛþ
c → Λ0πþÞ −0.755� 0.006 −0.782� 0.010 −0.762� 0.006

αðΛþ
c → Σ0πþÞ −0.466� 0.018 −0.466� 0.018

αðΛþ
c → pKSÞ 0.18� 0.45 −0.744� 0.015 −0.743� 0.028

αðΛþ
c → Σþπ0Þ −0.484� 0.027 −0.484� 0.027

αðΛþ
c → ΣþηÞ −0.99� 0.06 −0.99� 0.06

αðΛþ
c → Σþη0Þ −0.46� 0.07 −0.46� 0.07

αðΛþ
c → Λ0KþÞ −0.585� 0.052 −0.569� 0.065 −0.579� 0.041

αðΛþ
c → Σ0KþÞ −0.54� 0.20 −0.54� 0.20

αðΛþ
c → Ξ0KþÞ 0.01� 0.16 0.01� 0.16

αðΞ0
c → Ξ−πþÞ −0.64� 0.05 −0.64� 0.05

αðΞ0
c → Ξ0π0Þ −0.90� 0.27 −0.90� 0.27

βðΛþ
c → Λ0πþÞ 0.368� 0.021 0.368� 0.021

βðΛþ
c → Λ0KþÞ 0.35� 0.13 0.35� 0.13

γðΛþ
c → Λ0πþÞ 0.502� 0.017 0.502� 0.017

γðΛþ
c → Λ0KþÞ −0.743� 0.071 −0.743� 0.071

102BðΞþ
c → ΣþK0

SÞ 0.194� 0.090 [24] 0.194� 0.090
102BðΞþ

c → Ξ0πþÞ 0.719� 0.323 [24] 0.719� 0.323
102BðΞþ

c → Ξ0KþÞ 0.049� 0.023 [24] 0.049� 0.023
104BðΞþ

c → pK0
SÞ 7.16� 3.25 [25] 7.16� 3.25

104BðΞþ
c → ΛπþÞ 4.52� 2.09 [25] 4.52� 2.09

104BðΞþ
c → Σ0πþÞ 1.20� 0.55 [25] 1.20� 0.55
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TABLE IX. Same as Table VIII except for yet-observed CF and SCS modes in Case I.

Channel 103B α β γ jAj jBj δP − δS

Λþ
c → pKL 15.09� 0.54 −0.73� 0.03 0.60� 0.11 −0.31� 0.19 4.31� 0.60 15.06� 1.16 2.45� 0.10

15.09� 0.54 −0.73� 0.03 0.60� 0.11 −0.31� 0.19 4.31� 0.60 15.06� 1.17 2.45� 0.10

Ξ0
c → Λ0KL 7.50� 0.21 −0.59� 0.02 0.59� 0.09 −0.56� 0.10 2.66� 0.31 14.09� 0.50 2.35� 0.07

7.50� 0.21 −0.59� 0.02 0.59� 0.09 −0.56� 0.10 2.66� 0.31 14.09� 0.50 2.35� 0.07

Ξ0
c → Σ0KL 0.97� 0.16 −0.38� 0.41 −0.92� 0.20 −0.06� 0.43 1.40� 0.36 4.59� 0.92 −1.96� 0.46

0.97� 0.16 −0.38� 0.41 −0.92� 0.20 −0.06� 0.43 1.40� 0.36 4.59� 0.92 −1.96� 0.46

Ξ0
c → Σþπ− 0.26� 0.02 −0.07� 0.12 −0.96� 0.03 −0.26� 0.08 0.61� 0.04 2.28� 0.10 −1.64� 0.12

0.26� 0.02 −0.07� 0.12 −0.96� 0.03 −0.26� 0.08 0.61� 0.04 2.28� 0.10 −1.64� 0.12

Ξ0
c → Σ0π0 0.34� 0.03 −0.80� 0.16 0.34� 0.07 0.50� 0.22 1.00� 0.10 1.66� 0.34 2.74� 0.14

0.34� 0.03 −0.80� 0.16 0.34� 0.08 0.50� 0.22 1.00� 0.10 1.66� 0.34 2.74� 0.14

Ξ0
c → Σ0η 0.17� 0.03 −0.99� 0.07 0.09� 0.18 −0.13� 0.51 0.57� 0.16 2.04� 0.54 3.05� 1.06

0.17� 0.03 −0.99� 0.07 0.09� 0.18 −0.13� 0.51 0.57� 0.16 2.04� 0.54 3.05� 0.18

Ξ0
c → Σ0η0 0.18� 0.03 −0.50� 0.10 0.86� 0.05 −0.11� 0.24 0.72� 0.12 3.37� 0.43 2.10� 0.12

0.18� 0.03 −0.50� 0.10 0.86� 0.05 −0.11� 0.23 0.72� 0.11 3.37� 0.43 2.10� 0.12

Ξ0
c → Σ−πþ 1.80� 0.05 −0.73� 0.03 0.68� 0.03 0.02� 0.04 1.89� 0.05 5.30� 0.13 2.39� 0.04

1.80� 0.05 −0.73� 0.03 0.68� 0.03 0.02� 0.04 1.89� 0.05 5.30� 0.13 2.39� 0.04

Ξ0
c → Ξ0KS=L 0.38� 0.01 −0.51� 0.02 0.52� 0.09 −0.69� 0.07 0.51� 0.06 4.26� 0.12 2.35� 0.10

0.38� 0.01 −0.51� 0.02 0.52� 0.09 −0.69� 0.07 0.51� 0.06 4.26� 0.12 2.35� 0.10

Ξ0
c → pK− 0.31� 0.02 −0.06� 0.11 −0.90� 0.04 −0.44� 0.07 0.61� 0.04 2.28� 0.10 −1.64� 0.12

0.31� 0.02 −0.06� 0.11 −0.90� 0.04 −0.44� 0.07 0.61� 0.04 2.28� 0.10 −1.64� 0.12

Ξ0
c → nKS=L 0.83� 0.04 −0.36� 0.01 0.37� 0.07 −0.86� 0.03 0.51� 0.06 4.26� 0.12 2.35� 0.10

0.83� 0.04 −0.36� 0.01 0.37� 0.07 −0.86� 0.03 0.51� 0.06 4.26� 0.12 2.35� 0.10

Ξ0
c → Λ0π0 0.07� 0.01 −0.24� 0.31 0.24� 0.17 0.94� 0.08 0.51� 0.06 0.23� 0.14 2.34� 0.86

0.07� 0.01 −0.24� 0.31 0.24� 0.17 0.94� 0.08 0.51� 0.06 0.23� 0.14 2.34� 0.83

Ξ0
c → Λ0η 0.40� 0.05 −0.47� 0.22 0.78� 0.12 0.41� 0.12 1.10� 0.10 2.05� 0.22 2.11� 0.26

0.40� 0.05 −0.47� 0.22 0.78� 0.12 0.41� 0.12 1.10� 0.10 2.05� 0.22 2.11� 0.26

Ξ0
c → Λ0η0 0.63� 0.08 −0.62� 0.07 0.64� 0.13 −0.46� 0.21 1.02� 0.19 6.05� 0.67 2.35� 0.11

0.63� 0.08 −0.62� 0.07 0.64� 0.13 −0.46� 0.21 1.02� 0.19 6.05� 0.66 2.35� 0.11

Ξþ
c → Σþπ0 2.56� 0.11 −0.53� 0.10 0.36� 0.15 −0.77� 0.12 0.62� 0.16 4.94� 0.20 2.54� 0.16

2.56� 0.11 −0.53� 0.10 0.36� 0.15 −0.77� 0.12 0.62� 0.16 4.94� 0.20 2.54� 0.16

Ξþ
c → Σþη 1.02� 0.17 −0.99� 0.08 0.09� 0.18 −0.13� 0.51 0.81� 0.22 2.89� 0.76 3.05� 0.18

1.02� 0.17 −0.99� 0.08 0.09� 0.18 −0.13� 0.51 0.81� 0.22 2.89� 0.76 3.05� 0.18

Ξþ
c → Σþη0 1.08� 0.17 −0.50� 0.10 0.86� 0.05 −0.11� 0.24 1.02� 0.16 4.77� 0.61 2.10� 0.12

1.08� 0.17 −0.50� 0.10 0.86� 0.05 −0.11� 0.23 1.02� 0.16 4.77� 0.61 2.10� 0.12
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TABLE X. Same as Table IX except for yet-observed doubly Cabibbo-suppressed (DCS) modes in Case I.

Channel 103B α β γ jAj jBj δP − δS

Λþ
c → nKþ 0.11� 0.08 −0.93� 0.27 0.38� 0.66 0.02� 0.40 0.14� 0.06 0.35� 0.17 2.75� 0.71

0.11� 0.01 −0.93� 0.05 0.38� 0.12 0.02� 0.14 0.14� 0.01 0.35� 0.04 2.75� 0.12

Ξ0
c → Σ−Kþ 0.81� 0.15 −0.73� 0.12 0.68� 0.14 0.09� 0.14 0.43� 0.05 1.22� 0.14 2.39� 0.19

0.81� 0.02 −0.73� 0.03 0.68� 0.03 0.09� 0.04 0.43� 0.01 1.22� 0.03 2.39� 0.04

Ξ0
c → pπ− 0.19� 0.03 −0.06� 0.17 −0.88� 0.10 −0.47� 0.17 0.14� 0.02 0.52� 0.06 −1.64� 0.20

0.19� 0.01 −0.06� 0.11 −0.88� 0.04 −0.47� 0.07 0.14� 0.01 0.52� 0.02 −1.64� 0.12

Ξ0
c → nπ0 0.09� 0.02 −0.06� 0.17 −0.88� 0.10 −0.47� 0.17 0.10� 0.02 0.37� 0.04 −1.64� 0.20

0.09� 0.01 −0.06� 0.11 −0.88� 0.04 −0.47� 0.07 0.10� 0.01 0.37� 0.02 −1.64� 0.12
Ξ0
c → nη 0.56� 0.06 −0.46� 0.08 0.62� 0.08 −0.64� 0.04 0.21� 0.02 1.06� 0.04 2.21� 0.14

0.56� 0.05 −0.46� 0.06 0.62� 0.06 −0.64� 0.06 0.21� 0.02 1.06� 0.05 2.21� 0.10

Ξ0
c → nη0 0.31� 0.09 −0.46� 0.22 0.64� 0.14 −0.61� 0.13 0.19� 0.04 1.04� 0.17 2.20� 0.30

0.31� 0.05 −0.46� 0.07 0.64� 0.15 −0.61� 0.17 0.19� 0.04 1.04� 0.13 2.20� 0.12

Ξþ
c → nπþ 0.56� 0.09 −0.06� 0.17 −0.88� 0.10 −0.47� 0.17 0.14� 0.02 0.52� 0.06 −1.64� 0.20

0.56� 0.04 −0.06� 0.11 −0.88� 0.04 −0.47� 0.07 0.14� 0.01 0.52� 0.02 −1.64� 0.12

Ξþ
c → Σ0Kþ 1.20� 0.22 −0.73� 0.12 0.68� 0.14 0.09� 0.14 0.31� 0.04 0.86� 0.10 2.39� 0.19

1.20� 0.03 −0.73� 0.03 0.68� 0.03 0.09� 0.04 0.31� 0.01 0.86� 0.02 2.39� 0.04

Ξþ
c → pπ0 0.28� 0.04 −0.06� 0.17 −0.88� 0.10 −0.47� 0.17 0.10� 0.02 0.37� 0.04 −1.64� 0.20

0.28� 0.02 −0.06� 0.11 −0.88� 0.04 −0.47� 0.07 0.10� 0.01 0.37� 0.02 −1.64� 0.12

Ξþ
c → pη 1.68� 0.17 −0.46� 0.08 0.62� 0.08 −0.64� 0.04 0.21� 0.02 1.06� 0.04 2.21� 0.14

1.68� 0.13 −0.46� 0.06 0.62� 0.06 −0.64� 0.06 0.21� 0.02 1.06� 0.05 2.21� 0.10

Ξþ
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