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CP violation in the charmed baryon sector is generally expected to be very small, of order 10~ 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:

0

(4

Af = pr® Af - pi B

— X%, and Ef — Zty. CP asymmetries in the last three modes receive

sizable contributions from the SU(3)-flavor-singlet hairpin diagram.

DOI: 10.1103/n8tk-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.
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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 B,(3) — B(8)P(8 + 1) 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: B,(3) — B(8)P(8 + 1). Its general
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decay amplitude reads
M(B, — By + P) = iiiy(A — Bys)u,., (1)

where A and B correspond to the parity-violating S-wave
and parity-conserving P-wave amplitudes, respectively.
Three Lee-Yang decay parameters «, f, and y are of
particular interest. They are defined by

~ 2x|A*B|cos(5p —bs)
AP+ BP
_AP-<|BP?
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’

a’> + p* +y* = 1. For completeness, the decay rate is
given by

F_&(mﬂrmf)z—

87 ml2

m2
F(AP+#BP).  (3)

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 I
and a usually encounter two major issues. First of all, there
is a sign ambiguity for the decay parameter f as «a is
proportional to cos(6p — &), while f to sin(6p — ). In
other words, a measurement of « 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 y as generally there exist two different sets of
solutions for A and B based on the input of I'". It is obvious
from Egs. (2) and (3) that one needs both information of I"
and y to fix |A| and |B|. Last year, LHCb precisely
measured the f and y parameters of Al — Az and
Al — AK™ decays for the first time [23]. These measure-
ments will enable us to fix the phase shift 6p — d5 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
=7 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 IRA which transform

'A recent discussion of possible SU(3)-breaking effects in
hadronic charmed baryon decays can be found in Ref. [26].

as 3 and are proportional to the CKM matrix element
Ap = V2, V.. These amplitudes are denoted by A’%”D A and

Afﬁ A» 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 A% . or A%,
are unknown due to the lack of the experimental informa-
tion on CP-violating observables. Nevertheless, they can be
related to the tree topologies in A5, or AfR% 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 107* 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 the CP
asymmetry AAqp in the charmed meson system reported
by LHCD 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

B™4(8)) = aly™(1/2)4,) W (8)4,,)
+ bl (1/2)5,) " (8)s,,) 4)

with |a|* 4 |b|* = 1, where the bases y*(8),, . and y*(8)
for octet baryons denote the octet baryon states that are
antisymmetric and symmetric in the first two quarks,
respectively, and y™(1/2), ¢ 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 B.(3) — B(8)P(8 + 1) are depicted in Fig. 1: the
external W-emission 7'; the internal W-emission C; the
inner W-emission C'; W-exchange diagrams E |4, E|g, Ea4,
E,g, E5 and the hairpin diagram E;. Since there are two
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FIG. 1. Topological diagrams contributing to B,.(3) — B(8)P(8 + 1) 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 P, Py2)a, Pi(2)s

topologies P, and P/, are hairpin penguin diagrams. The decay amplitudes of B, (3)

expressions [20,21]:

Arpa = T(B.)"Hf"(B 8)ij(P N+ C<BC)inkml(BS>ijl(PT)
F(Bs) jim (P7)}" + Ers(B) T HY' (V)7 [(Bs) jouic + (Bs) )]

+ E4(B.)"H}

as well as P/1(2)’ P,I(Z)A’ P,I(Z)S' The

— B(8)P(8 + 1) in the TDA have the

r+ C/(Bc)inﬁf(BS)klj(P-l-%n

+E2A(B )UHkl( )jlm(P )k +E2S(B )UH?I(PI)?KBS)jml—i_ ([5,8)lmj]

+ E3(B.)THM (Bg)

(P )j "'Eh(Bc)qul(Bs)klj(PT)%

+ Py(Be)TH By )i (P1)} + Py (Be) T Hy (By) 0 (P

+ Paa (B, )”Hmk(Bs)kiz(PT)é + Pas(B, )”Hmk(Pk) [(Bs) i +

(Bs)iu]

+ Py (B)TH (Bs )i (PY)] + Py (Be) H (By) jy (P

+ PIZA(BC)”Hmm(BS)kil(PT)} +P

b5 (Be) TR (P (Bs) i + (Bs)iuel- (5)

where (B,)" is an antisymmetric baryon matrix standing for antitriplet charmed baryons and P’}- represent nonet mesons,

0 Ay Ef
B)i=|-A 0 B | Pi=
_=+ _=0 0

—c —c

with

—\f \f —\f +\f
ng = 3’74 3 KR m= 3’7q 3 s*

The physical states # and 5’ are given by

<17> B <cos¢ —sin¢>(nq>
) \sing cos¢ N
cosf —sin@\ /g

(8)

(a0 o) ()

where the mixing angles € and ¢ are related through the
relation @ = ¢ — arctan™! /2.

The quark content of the octet baryons B(8) can be
read from the subscript ijk of the baryon tensor matrix
(Bg)ijk = €ijl(88)§( with

sinf cos@ m

%AJr%ZO >t p
. - 1 1 0
(By): = z GA-HY on 9)
ch =0 —/2A
3

The tensor coefficient HX related to the CKM matrix
elements appears in the standard model Hamiltonian with

oMy oM + +
o+ I+ L w K
- My M KO
z AT (6)
K_ ]_(0 \/7118+

HX(Gc)(q,q™). The contraction of the two indices of HX!,
namely, H", is induced in the penguin diagrams
Py, Py, Py, and Py, while H¥ in the penguin diagrams
P\, P,,. Py, and P,

In the diagrams T and C, the two spectator quarks ¢; and
q; are antisymmetric in flavor. Notice that the final-state
quarks ¢; and g, in the topological diagrams C’, E5, and E,
also must be antisymmetric in flavor owing to the Korner-
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 E14 15 and E,, 55, the KPW theorem also leads to

Ery = —Ey, Eyg = —E\s. (10)

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 B,.(3) — B(8)P(8 + 1) 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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T:T—Els, C:C+Els, C/:
E, =E\s+Es—Es, E, =E, +2E;.

Cl - 2E15,
(11)

As aresult, among the seven topological tree amplitudes 7,
C, C', E\4, E,, E5 and Ej, 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 ® 33 =
3p D3 D 6 @ 15 for the weak Hamiltonian responsible
for AC = 1 weak transition, the coefficient tensor H in
Eq. (5) has the expression [29]

For later purpose, it is also convenient to write

(Hy) = H + H] = (H5)] +(
(H_)} = H{ — H] = (Hg){! +2(

Hy.,)'8] + (Hs, )8,
H, )8, — 2(Hs_)'é},
(13)

with Hyy = Hy, + Hs,.

In terms of (Bg)} and (B,); defined by e;;(B.)"* =
(B, —Ef,AY), the TDA amplitudes given in Eq. (5) will
have the decomposition [22]

i i oy 3 Loy
Y =5 [+ o))+ (o) =5 01 ) Ao = A5, + Ay, (14
04 (5 () = 5, (12)
5 13)) — 5 (3 .
2T with
|
fi5a = (T + C)(B.)i(His)n(By)i(PY) = En(B.);(Hg) (By)} (P
+ (T = C = C' = 2E5)(B.)(Hg)m(Bs)i(P)f = C'(B,)(Hg) (By)}(PY)}
+ (Eva = Exs = E3)(B.)i(Hg) ! (By ) (PY)" + 2E5(B.); (Hg )i (By) ' (P7); (15)
and
A A i (pt i 17 YT i(F T/
Atpa = b1(Be)i(H3) (Bs)j(PT)) + by(B.);(H) (Bs)(PT) + bs(B.);(Hs) (By)i(PT);
+ ba(B.);(H3)'(Bg)i(P)] + bs(B);(H 50 )i (By) (P')j (16)
|
where the matrix element H3 is normalized to (1,0,0)4, = 1 =
P =P +Eg—=E;j, P,=P,—-E,
and the coefﬁc1ents b; can be expressed in terms of tilde ! 1+ Eis 23 h g 1
quantities [22]” Pys = Pys + Ejs. Pyy = Pyy + Er5 — Es,
D/ / 1 D/ /
Py=Py—Eis+5E. Py =P+ Egs.
- 1~ ~n Lo 1. ~ 5 5
b]:Z(T—3C)—ECI—EEh—ZPh—zpzs, P/QS:P,ZS_EIS" P/ZA:P/ZA_EIS+E3' (18)
- 1. - In Eq. (16) we have followed Ref. [30] to lump the
bz ——C/ +2P25,
2 components of (H 15) proportional to 4, into (H 15;,)
B — 1~ 1 I P P The A Tba involves penguinlike contributions induced from
3= 750 BT Paa = s, the current-current tree operators O, or penguin contri-
- | , - butions arising from QCD penguin operators. In the TDA,
by = _Z(3T C)+5C +5E1 = 2P + Po + Pos, the relations of by,...,b, with the penguin diagrams
he =T+ C (17) depicted in Fig. 1 are explicitly shown in Eq. (17).
> ’ From the expression of Afj5, in Eq. (15), we see that
there is only one term related to H;5. However, there are
only five independent terms in Aff,. This is because the
with

The definitions of b; (i =1,...,
refined relative to those in Ref. [22].

4) have been consistently

last five terms are not totally independent. Indeed, A5, 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 A, is 5.

054022-5
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B. IRA
The general SU(3) invariant decay amplitudes in the IRA read [13]

Awaa = a1(B.);(Hg) F (By)(P7)} + az(B.),(Hg)  (By)i(P")] + as(B,)(Hz) ¥ (Bg)] (P1);
+ ay(B)i(Hg){ (Bs)j(P")j + as(B.):(Hy)i (Bs)j(P")i + ae(B.):(His) ¥ (Bs )i (P1);]
+a3(B.);(Hys) ¥ (Bs)i (P')] + as(B.);(Hys) ¥ (Bs) (")} + ag(B.);(Hs)1" (By)j (P");
+ a1o(B.)i(His)]' (Bs)H(P')i + by (Be);(Hs) (By)j(P')] + ba(B,)(Hs ) (Bg)(P");
+ b3(B,):(Hy) (Bs)L(P")] + ba(B.);(Hy)! (B )i(PT);. (19)

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

ay = a; - as, ay = ay + as, a3 = a + as, ay = a4 + as, (20)
and [13]

df = a; +ay, ay = a; —as, a3 = az — ay, ds = as + as. (21)
are possible. As for the five terms associated with Hz in Eq. (19), four of them are prohibited by the KPW theorem together

with the pole model, namely, ag = a; = ag = a;, = 0 [28,31].

Comparing the expression of Af55, given in Eq. (70) with Aa, we have

= —E,, a, = -C, a3 =Ey — Es— Es,
a4:T—C—C’—2E1S, a5:2E15, a9:T+C. (22)
The redefinition of Eq. (20) yields
611/ = _Eh’ a2' = —C/, (13’ = Elv
a) =T-C-C, ag=T+C, (23)

with the tilde parameters defined in Eq. (11). Hence, the minimum set of the topological tree amplitudes in the TDA is five,
namely, T, C, C', E,, and E,.
There is another set of the IRA amplitudes given in Refs. [28] and [30]:

Arab = Afgap + -Af}bzAb (24)
with
Aliee = f(B.)*(Hg),;(Bs)L(P)] + FP(B.)*(Hg),;(Bs)L(P*Y] + F<(B.)* (Hg),;(Bs )] (PT);
+ FU(B.)M (Hg),;(Bg)iM] + F€(B.)j(Hys) i (Bg )/ (P (25)
and

At ap = FS(B),(H3) (Bg)L(PY)E + F5(Be) (H3) (Bs) (P + F5(Be); (Hs)' (Bs)(PT)]
+ F4(B.); (H3) (Bs)i(PY)] + F¢(B.)i(H )] (Bg )i (P} (26)
The advantage of this IRAb is that both Ajk%, and Affi Ap Dave the minimum sets of tensor invariants, namely, five in the

former and four in the latter. The equivalence between ﬁA IRAa, and IRAD leads to the relations

1 1
(fb+fe)— 5 (=da +dj +a), =—(—f”+fe)——( — dj + ay),

:fh_fd:_a27 E1:—]~w:a/3» h:fa:_alv (27)

054022-6



CP VIOLATION IN HADRONIC WEAK DECAYS ...

PHYS. REV. D 112, 054022 (2025)

or inversely

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, A, &% —1,;. As a consequence, CP viola-
tion in the charm sector is usually governed by 4, which is
very tiny compared to 1; or A, 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 D° — K*K~ and D° — 777z~ [32]

|

fo=T+C=a, (28)

AAcp = Acp(KTK™) = Acp(ata)
= (~0.82£021 £0.11)% (29)

was reported. The significance of the measured deviation
from zero is 3.5¢. 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 D° and
found a positive AAqp [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]

AAcp = (=154 +0.29) x 1073, (30)

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

41m[(4, = Ag) 2] . P .
A = 0 S — 0., 31
ACP M’Y - Ad|2 T + E KK S TRk * T + E b.7.4 S P ( )
=—131x1073( |——| sinOgx + P sin @ (32)
' T+E|lg “SUIT+E, ™)

where Oy is the strong phase of (P/T)gx and likewise
for 0,,. Since |P/T| is naively expected to be of
order (a,(u.)/m) ~ O(0.1), it appears that AAqp is most
likely of order 10~* 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
PP 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 AAcp. Based on the ansatz of
P® = ED ~ E it was predicted in Ref. [36] in
2012 that AA-p = (—0.151 £0.004)% and (—0.139 +
0.004)% for the two solutions of W-exchange amplitudes.
They are amazingly in excellent agreement with the
LHCD observation of CP violation in the charm meson

sector in 2019.> Hence, it is the interference between tree
and long-distance penguin amplitudes that pushes AA.p
up to the 1073 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 7" which have the penguin topology in

Based on the pQCD calculation of the short-distance penguin
contributions, it was claimed in the so-called factorization-assisted
topological amplitude (FAT) approach that AAqp ~ —1.00 x 1073
[37]. Although both FAT + pQCD and QCDF + 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 7+ E and SD
penguin P in the former approach, while it is the interference
between tree and LD penguin amplitudes that pushes AAqp to the
103 level in the latter. As discussed in Refs. [38,39], both
approaches can be easily discriminated in the D — VP sector.

054022-7
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P Py

P, P,

(b)

FIG. 2. Final-state s- and z-channel rescattering contributions to
D — PP, from the external W-emission, depicted in (a) and (b),
respectively, Pole and triangle diagrams are the corresponding
processes at the hadron level.

s- and z-channel diagrams (see Fig. 2). It was shown in
Ref. [40] that the ansatz of P'P = E'P was justified

and vector resonances, but the existence of the nearby
scalar resonances close to the charmed meson mass such as
fo(1710) and f(1790) implies that the s-channel is mainly
governed by scalar resonances. Likewise, the relation of
PP = E'D in the s-channel rescattering also holds in the
SU(3) limit as we are going to show below.

Consider the s-channel process D — P|P, - S — PP,
in Fig. 2(a),

(S|H|D) = > DHI(P])H(P1);
P/ Pl
< (PR (PL)5(ST)5 + (P ()5 (ST,
(33)
where P} and P, are summed over. Since P =

ﬁZSZI P,4,, we then have

S PP =3 S G = 83 o (34)

through a systematical study of the triangle diagrams Py %
corresponding to the 7-channel rescattering. The s-channel
rescattering can proceed through the intermediate scalar ~ Hence,
|
leiljiTllinT lllT
(S|Hr|D) = Dy HI'(S") = 5 HE(S7)g = S HIM (1) + 5 HE (ST
ikooirt _ Lmiicemv L oeoenyi o L i oy
+ D; HI (S )k_gHz (S )j_§H1 (S )k +§H1 (S )n . (35)

Note that the 4-quark operators can be written as

1(gi0)(g;4") + €2(3;¢)(q:4") = ¢

(@ie)(@;4%) + (@;¢)(@:q")] + c-[(Gic)(7;4") -

(7;¢)(@:4")]

= ¢y (H.){(3:0)(@;4") + c-(H) (@) (a;4"), (36)

where the SU(3) tensor (H +)§(j ((H_

1
<S|Heff|D> =

The first termin [...] is a W-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 PP = 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
an — nn, 7K — 7K, and zz — KK 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

¢ [Di(H (ST + Dy(H L) (S]] +3

);;j ) is symmetric (antisymmetric) in the ij indices. It follows that

c-[D;(H (ST, + Dy(H-)] (S]] (37)

|

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.
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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

A=A g PED (38)

a—a

They are related to weak and strong phase differences
between S- and P-wave amplitudes, A¢ and Ad = 5p — Js,
respectively, via

A, = —tan Adtan A, Ry =tanAg.  (39)

CP asymmetries A, and R; for A — Az",AK" and
Al — pK?% 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 = 1A, + AA;. Tts CP asymmetries defined by

A _I(B. - BP)-TI'(B. - BP) r _5-3
7B, > BP)+T(B, — BP)’ PS4+ s
p-P
= = 4
Acr =55 (40)

have the expression

21Im(A44%) Im(A4AY)

AC -
r al* 1AL — Al

AA,
=1.31x 1073 [AdAs| sin 8 (41)

|Ad _As‘2

for the partial rate asymmetry, where J,; is the strong phase
of A, relative to A,. If the decay amplitude is written as

P’ B,

B,

FIG. 3. Final-state s-, 7-, and u-channel rescattering contribu-
tions to 5. — 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.

which is the same as before. In general, CP asymmetry is
expected to be of order 107 or even smaller.

2. Final-state rescattering

Our next task is to determine the coefficients f5 in the
IRA [see Eq. (26)] or b’ 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-, #-, and u-channel rescat-
tering contributions to B, — PB from the external
W-emission as depicted in Fig. 3. Similar diagrams can
be drawn for the internal W-emission C. Therefore, the blob
at the weak vertex of the pole or triangle diagram represents
SD contributions from the tree topologies 7 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 B, — BP, we notice that

(BPICs splBe) = F s (HL)Y + e ()] | PI(@54k) 10} (B1(d ) 15.)

A =14 —2a)(As — Ag) — 5 2,(A; + A,), we will have
A, — _2Iml( = A)A]Im[(A, = Ag)(AS + AY)]
r Ms - ld|2 |As - Ad|2
_ 4Im[(4, — 44)4;] Im(A4A7)
=P A - AP
AyA,
131 x 1073 e 5 sin &, (42)
|As - Adl
J
Gr
G
+ 5 e (1)}
and hence

- C-(H—)ff} (P|(a}44)10)(B|(g7<y)|B,) (43)
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Lp,pp = Z Fp pP" BB,
PBB,

= (POXB)(Fy(H )Y + Fy(HOD)(B,) (44)
where H, and H_ are given in Eq. (13). In the above
equation, the parameters F v and F v represent the overall
unknowns introduced in Ref. [30]. We shall see later that
F5 is identical to T + C in the TDA. The strong vertex of
BBP needed in s- and #-channel diagrams is given by

Logp=)

[ZQB spPBB_ + ZQ&B/PPB 1755+]

B.PLB_
9-[(P);(B)i(B-)k +r- (P) (B)i(BL)Y]
+g+[(P) (B')iirs(B.)f + 1y (PYL(Birs(BL )L,

(45)
!

Lypp = gyppTrV,[P,0"P]

where the subscript & denotes the parity of 5. The strong
couplings gz, pp are related to g, and ry (see also
Appendix A).

We next turn to the interaction of the vector meson with
octet baryons. We shall assume ideal mixing of @ and ¢ so

that ¢ = s5 and @ = (uii + dd)/+/2. The vector meson
matrix reads

0
P\/Ew p+ Kt
i 0 N
Vi=1 p ﬂT;w K0 (46)
K f(*o ¢

The relevant VPP interaction is given by

= —igypp (p;no 0" 4yt 0 1+ 00wt + Ky K 9" 50+ V3K, K0 n+V3(¢hs) KT K™+ - ) :

where ¢g is referred to the octet component of the ¢ meson

(47)

, which is given by ¢ cos 8 with € = 35.3° being the ideal v — ¢

mixing angle [44]. Applying Lypp to V — PP, decays leads to

g/,+_,,,+,ru = 2gv,

where the abbreviation of gypp = gy has been made.
Experimentally, g,+_;+,0 =5.94, gg_g+0 =3.14, and
9p—k+k- = 447. 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

Mn(sa BV,

Lveg = fvesTr(By,ViB
ves = fvepTr(By,VFB) + mg + mg

(49)

The vector and tensor couplings fyzs and fygg,
respectively, have been evaluated using QCD sum
rules [45].

Just like the PBB couplings, we can write

9k+skta® = 9v,

9pokk- = gyV3cosp = 1.42gy, (48)
| f
Snzx+ =S+ prK*+:7%(1_2P+)’
fA2p+:%(1+P+)v f202+/)_:f\/—%(1_p+>7 (50)
and
Tk =For Fape =12(1-2p.)
nx K + pK \/6 + )
f —}—+(1+~ ), f I 1-p 51
AZ‘/‘ﬁ—\/a P+) fzozvf—\/i( py)  (51)

for baryons with positive parity.

Since the s- and ¢-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

_ d'q Fvss
A" = Z g (/W [fVBB’J’ﬂ + m’%v‘f gvep (P14 P3)o(Pr +mp)
V.B P
q"q" Fppp
gua ) )Mgc,
( my, ) (q* = my)(pt — m3,)(p3 — my)
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_ d'q my—q*=2q-p fves
— Y ( |54 [fvw (2153 TR 3) o Sves gy M)]
VB (27) my, mp + mg
o gver Fspp(Ps— 4+ mp) )u (52)
B.»
(¢* =my)(q® +2p3 - q +mp —mp)(q* = 2py - q + mp — my)

where the momenta of P', B, P, B, and V are denoted by
P1s P2, P3s P4, and g, respectively. The u-channel ampli-
tude

At = Z <'CVPP’»CVBB"CB(B/P’> (53)

B.P.V

will have the same expression as Eq. (52) after the
contractions of BB, P'P'f, and VV' into the hadron
propagators. However, unlike the s- or -channel amplitude
which has the expression

_ d'q
Al =g [/(27)4 ( > gB,BPgB,B’P’FBCB’P’)I(qz):| ug, .

B;.B P’
(54)

where (g?) 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, fyzz and
Fvis . 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 fygs, fvag, gvpp and the
form factor Fz g p. 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 fygp and fyus
(denoted by f; and f, in [45], respectively), we obtain
fi=6.1,p, =-038,f, =16, and p, = —21, where
[ Py, f+, and p, are defined in Egs. (50) and (51). In
general, the tensor coupling is larger than the vector one by
one order of magnitude, |fyzp/fvesl~ 11. If we recast
the u-channel contribution to the form

A" = uglafygs + bfvisslus,. (55)

the ratio of b/a will depend on the cutoff mechanism and
the decay mode. Take the decay Al — p¢ as an example.
An explicit triangle-diagram calculation of this mode in the
framework of Ref. [46] with A, K, K*T involved in the
loop yields |b/a| ~ 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 A — p¢. To avoid the complication

|
caused by the vector meson interaction with baryons, we
shall assume hereafter that the u-channel decay amplitude
of B. — PB mediated by the vector-meson exchange is
dominated by the tensor coupling fy 5.

We now focus on the flavor structure of the u-channel
amplitude

AT o Y (P (PR (V) (V)

B.P.V

x ((B)}(B);: +p4(B)i2(B)}2)
x ((P)S(B){(H-){ (B.),). (56)

where we have switched the notation from p, to p,
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

1< 1< 1<
B=—2S B, P=——2=Y P, V=—=ro3 VA,
\/E; xﬁ; \5;

(57)

under SU(3) flavor symmetry, where 4, are the Gell-Mann
matrices, one can get ride of the Gell-Mann matrices by the
completeness relation

S ()i (2)f =2 (515k _ %5;5'() (58)

However, for the vector mesons we shall use
8

8
D (i) = (Ao)i(Ao)E +> (A (Aa)

a=0 a=1

=288%  (59)

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 #; acquires its mass through
the axial anomaly. Therefore, we should not consider the 7,
meson inside the loop. In other words, we use the matrix P’
in Eq. (57) for the pseudoscalar meson inside the loop and
the matrix P in Eq. (6) for the emitted physical meson. The
matrix P’ is the same as P with the #; terms removed.
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After applying Eqgs. (57)—(59) to Eq. (56), we obtain

A" ay —%(P)]/E(B)f(Hﬁi(Bc)z 43 (PUBIHY(.)

J

(1 +4p.) | a2 = 3 (PB)HL) (B.), + 5 (PB)(H:Y (B,),

—w|>—

=3P+ (P)(B)i (H3)'(B.), - % (1+ p1 ) (P (B)i(H3) (Be),

51+ p ) (PLBH (B, (60)

W

where a; are those terms in Eq. (19). Using the relations
f4=-a, +as. [ =-a, +ay. fe=-as-as, fY=as+as (61)
inferred from Eq. (28), we find

1

2 ! 7
A" =U~ [3 (1=2p)f" + f¢ ——f3 ( + 2P+)f3—_(1 +10p,)f5 + ( 2P+)f4’ (62)

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

1 | | ~ 1 | ~
AY = 8- {‘g (re 4 D) =3 (2 4r)f = (T =) f5 + 5 (e + DT = 2)f5 = r_(Tr- - 2)f§’] . (63)
and
a 1 b 1 2 Tc
=27 5 (3 47, 4 INF + 227 = ) 45 (=20, 4 3)f
1 2 *d 1 a 1 5
+=(2r; =21, —4)f" - (1Orﬁ+2rﬂ+l)f3+ rr==r+1 74
3 18 3 2
1
- 3+ 1r+ D54 (o4 1) (64)
[
where we have taken the contributions from the intermedi-  where we have dropped nonfactorizable terms such

ate state B; with both positive and negative parities into  as E5, E;4, E3, and E,. If we employ Eq. (44) to

account. Note that the hairpin contributions f¢ and f¢ in A’  evaluate the factorizable contributions, we will

were not considered in Ref. [30] as P! = +/37,. In our ~ obtain [30]

treatment, although the SU(3)-singlet 7, is not considered

for the pseudoscalar meson P’ in the loop, its presence is

allowed for the emitted one P. ~ ~ -
Finally, we consider the factorizable contributions to fr= Fy. f ‘= Fy, j*=Fy,

B, — BP decays. In the TDA, it arises from the topological Fo— 1 (=F} +2F5) F—

diagrams T and C. This has been done before in Eqgs. (28) 34 v v 3

and (17):

(Fy +2Fy).  (66)

N

- . - "':t . el 2 .
PoT-C, FoT_C, F-T+cC, Therefore, Fy; in Eq. (44) corresponds to 7+ C in

the TDA.
7o = % (T —30), 7= % (3T = ), (65) haCeollecting all the contributions from A and AS¥, we
\%
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1
o= 52(2}’% +4r, + 11)T7,

A==+
Fr=Fy = (ro+4)8" =202p, = DU+ > (253 = 1))T5.

A==+
Jo=—r(ro+4)s +Z r3—2r; +3)T7,
FE=Fy+307+) (213 —2r, - 4)T7,
A=+
fe=Fy, (67)
and

S 3.1 s _
f3 Z( F +2FV)_§ —6 (10r/1+2r/1—|—1)T/1,

A=+

_ 1 1 1 _
fg:—§(7r_—2)5 +§(2P++1)U "‘Eizzi(zr%_srﬂ—’_z)n’

o I I
J5 = (r 4 DI =2)8™ == (10p, + DU~ =3 (7 + 115, + )T
A=%
R 1 1
J4 == (Fy +2F5) =5 r (7r_ = 2)5" + U+ Zm+ (68)

If we follow Ref. [30] to use r_ = r, = 2.5+ 0.8 and define 7~ =T7 + T, then we have

fi= —%(2r3 +4r_+11)T"

fr=Fy—(r_+4)S =202p, = 1)U + (2r2 = r)T",
fe= —r_(r_ +4)S™+ (r2 =2r_+3)T",
fl=Fy+30" +(2r2 =2r_ - 4)T",

Je=Fy,

N D -3 1, _

fgl:Z(_F\J;+2FV)_§U —6(10r_+2r_+1)T s

. 1 1 1
fg:—5(7r_—2)S_—|—5(1+2p+)U_+5(2r3—5r_+2)T‘

o1 1 1

= 6(r +1)(7r_—2)s-—6(r%+11r_+1)T-—6(10p++1)U-,

- 1. . 1 1 1

fi= -7 (Fy +2Fy) — Er_(7r_ -2)S™ + SU” +§(r_ + 1)1, (69)

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

. S 1 1
T §(F¢+F;) 2(r +4)8- +2(2r —r )T~ = (2p, - 1)U,
S 1 1

CZE(F<‘~/>—F‘_/)+§(}’_+4)S_—5(2r%—r_)T_+(2p+—1)U_,

C'=—(r-+4)S™ + (r.+4)T" = (4p, + )U",

054022-13



CHENG, XU, and ZHONG

PHYS. REV. D 112, 054022 (2025)

Ei=r_(r.+4)8 —(r2=2r_+3)T",
i 1
Eh:—§(2r3+4r_+ll)T_ (70)
and
R P D .
bl:Z(—FV+2FV)—6(1OI’_+27'_+1)T —EU,
i | 1 1
b, = —5(77'_ - 2)5_ +§(2r3 - 5r_ +2)T_ +5(2p+ + l)U_,
o | 1
by = 6(r_ + 1)(7r_ =2)8- —g(r% + 1r_+ 1)T- —8(10p+ + 1)U,
. L 1 1
by = - (Fi +2Fy) = =1 (Tr_ = 2)S 4+~ (r_ + 12T~ +-U" (71)
4 2 2 2
in the TDA. B(ES — £KY) = (1.94 £ 0.90) x 102,
=+ _, =50 +) — -3
IV. NUMERICAL ANALYSIS: RESULTS AND BES » &%27) = (7.19£3.23) x 107,
DISCUSSIONS B(E} — BK+) = (4.9 +2.3) x 104, (73)

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 Z, 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 3 from the A} — A%z" and A7 — A°K™ decay modes
reported by LHCb [23]. Additionally, the measured value
of y 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
Af — EOK* 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 Z have been measured
by the Belle and Belle II collaborations [25], yielding

B(ES - pKY) = (7.16 £3.25) x 107,
B(E! — Ant) = (4.52+£2.09) x 107,

B(E; —» 207t) = (120 £0.55) x 104, (72)

More recently, in 2025, additional efforts on E decays
have led to the measurements [24]
|

Tlse®,  |Clge™,  |C)se

Tlpe™,  [Clpe,  |Clpe

B |pe,

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 7, C, C', E,, and E,, in A and

the four independent penguin-related amplitudes b 12345 1N

A%) - the explicit decay amplitudes for all SCS modes are
presented in Table 1.

The five unknown parameters (Fy,Fy;) and
(S7,T~, U™) 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-, #-, 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 y?
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,

|E1 |sei§§] ) |Eh|sei5§h’

|Eylpe, (74)
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TABLE I. The decay amplitudes of SCS processes in the TDA.

Channel TDA

Af —> AKT Tel3 (= 2)(4T = C' + 2E,) + Ay (by — 2Dy +1bs)]
Af - 20K \/%[%( —2,)C" + 2br]

At - ZtK° 2(Ag = A)C" + Ayby

A paf L Ry — 4)(=2C = 8 B+ 2By + 3B9)

AL = png Je (A = 2)(6C + C' = Ey) + 2 (=2by + by + 3 b5))]
AL = pmy 5B = 2)(C' = Ey + 3E,) + 2(3by + by + by)]
Af > nnt Yha=2)2T = C' = Ey) + 4(by — 1 bs)

B > Ar° 5751 (e = 4,)(=2C = 2C" + Ey) + 2 (by + by + 3 b5)]
20— Ang Lk (2g = 4,)(6C + 3E,) + Ay (by + 6b3 + by + 2 bs)]
B = An 3518 (Aa = 4)(3C" = 3Ey + 9E;) + 2,(3by + by + by)]
B - 220 3B (A = 4)(=2C = Ey) + Ay (b + 2b3 + by + 3 b5))]
B¢ — X 3218 (Aa = 2)(6C + 28 + Ey) + 4y (by + by + 3 b5)]
B¢ — 0 Jel5(Aa = A4)(=C' + E, = 3E,) + Ap(3b1 + by + by)]
B> Zfta 34 = 4)(=Eq) + 2 (by + b3)

B -t 3 (Aa— AT )+/1b(b3 + by —5bs)

g0 — =50k0 Y= 2)(=C' = Ey) + Ayby

B¢ > EK' 2 (Ag = A)(=2T) + Ay (b3 + by — 1 bs)

E) > pK- 1= A)E, +/1b(b2+b3)

20 - nKO %(ld —A)(C' + E)) + Aybs

Ef - Art ﬁgud—x)( 2T +2C" = E)) + Ay(=by — by + 1 bs)]
Ef - 207t Jii[%(/ld—i)(ZTHLE)+/1h(—b2+b4—il§5)]

Bf - Xt 55 15(2a = 2)(2C = Ey) + 2, (by — by — 1 bs)]

Ef—> T T2 5 (20 = A4;)(=6C = 2C' = Ey) + 4 (=by — by = 3 bs)]
Ef > Tty F 13 (= 2)(C' = Ey +3E;) + (= —3by — by — by)]
Bl - K" 5(2a = 2) T = C' = Ey) + Ay (=by + 1 bs)

ES — pkK® 2(ha = A)C + 2y (=by)

collectively denoted by |X;]| Sei‘s)s(i and | X;| Pei‘sii, 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 5§ = 0. Likewise, for the
TDA coefficients by ,34 in A% ,, we have
= = s
|b3]ses ARG

1Bylses, |Bylge®s

By pei®
(75)

Bilpe®,  |Balpei® . |Ba|pei®

B. Numerical results for CP violation

The five sets of tree-level TDA parameters
(T,C,C',E,,E,) 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
20 - 290, 22,() [50] and Case II with all the data
included. The fltted results of tree TDA parameters in
Case I are shown in Table II. As for the penguin-related
TDA parameters 131, ...,134, 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 F J‘; F v.S7.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 |7~| > |S~| > |[U~| 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 p_ . Also we see that for the real part of a
P-wave, |T~|>|U~| > |S7|. Hence, although |U~| is
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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 p, = —21 and
r_=2.5.
| Xils |Xilp 3’ 3
(102G GeV?)

T 431 £0.11 12.11 £0.31 2.39 +£0.04
C 323 £048 11.35+£0.93 3.10 £0.11 -0.72 £0.16
ol 5.84 £0.35 17.74 £0.92 0.02 £0.04 227+£0.11
E, 2.79 £0.19 10.41 £0.47 —2.81 £0.06 1.83 £0.09
E, 4.30 £0.50 13.26 £1.83 270 £0.11 —-1.85£0.20
Fy 1.10£0.43 0.83 £0.46 0.13£0.35 2.01 £1.37
Fy 0.48 £0.43 7.01 £1.79 0.69 £+ 1.02 —-2.81 £0.15
S” 0.124+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 £0.08 243 £0.08
b, 4.57+0.78 16.04 £2.43 2.89 +0.13 —-2.00 £0.18
b, 0.49 £0.11 10.00 £ 0.22 1.30 £0.25 —-1.11 £0.07
by 1.38 £0.30 10.89 £1.13 293 +0.19 247 +£0.11
b, 3.16 +£0.37 11.94 £0.93 0.23 £0.10 -0.96 £ 0.15
bs 1.10£0.43 0.83 £0.46 0.13 £0.35 2.01 £1.37

smaller than |7~| and |S~|, 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, (131, ey l~75), 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 b; 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~ or even smaller. Nevertheless,
CP violation at the per mille level is found in the following
decay modes:

A= pr®, A.—py, 20-30 Ef Ity

with the predictions

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

|Xils | Xilp 35’ 3
(102G GeV?) (in radian)
7 4.30 +£0.50 13.26 +1.82 e 1.74 £0.15
Vil 7.54+£0.55 2345+ 1.11 -2.71£0.10 -0.29 £0.11
Fe 279 £0.19 10.41 +£0.47 -236£0.12 228 £0.15
7 1.71 £0.51 6.36 £ 1.26 —2.84+£0.19 0.10£0.20
7e 1.10 £ 0.45 0.83 £0.46 —2.57+£0.43 —0.69 £2.40
74 4.57+£0.81 16.04 +2.43 2.89 £0.04 -1.80£0.14
7% 0.49 +£0.11 10.00 £ 0.23 1.50 £0.29 -091 £0.12
75 1.38 £ 0.31 10.89 +1.19 3.13£0.13 2.67£0.15
4 3.16 £0.38 11.94 +£0.94 043 £0.11 -0.75£0.21
e 1.10 £ 0.45 0.83 £0.46 0.33+£0.43 221 +2.40
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TABLE IV. The predicted CP observables calculated with p, = =21 and r_ = 2.5 in both TDA (upper) and IRA (lower).

Channel 10°8 10*Acp 10A%., 10*AL, 10*A, 10%Ry,
A — A°KT 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
Af — 20K+ 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
A - K 0.39 £ 0.02 -1.33+£0.27 -1.04 £0.25 -1.73 £0.64 —-4.68 +0.97 2.934+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
Af = pa® 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
N 1.63 +0.09 2.55+0.23 2.554+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
Af = pyf 0.524+0.08 -1440+126  —17.31 £4.08 -13.57 £ 1.78 —-1.81 £2.62 —0.69 +2.33
0524+0.08 -1440+126  -17.31+4.06  —13.57+1.78 -1.81+2.76 -0.69 £ 2.35
A — not 0.61 4 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
20— A0z0 0.07 £ 0.01 1.76 £2.31 0.92 £ 0.41 29.36 4 57.57 51.884+308.2  —23.28 +£31.01
0.07 £ 0.02 1.76 £2.32 0.92 +0.41 29.36 4 57.67 51.884+69.69  —23.28 +16.56
20— A% 0.40 £ 0.05 3.97+0.79 1.79 £ 0.55 9.154+2.95 —-4.07 £0.87 3.524+1.69
0.40 £ 0.05 3.97 £0.82 1.79 £0.54 9.15+£3.17 —-4.07 £0.88 352 +£1.71
20— A% 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 0.324+0.53 -0.51+0.52
20 - 3070 0.34 +0.03 -3.26 £0.72 -2.55+0.68 —-5.40 £2.71 —0.40 £ 0.58 —2.454+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
20 - 320 0.17 £ 0.03 11.58 +1.55 520 +1.37 16.52 + 4.41 —0.60 & 2.46 —14.72 £ 37.07
0.17 £0.03 11.58 + 1.62 520 + 1.41 16.52 +4.58 —0.60 & 2.64 —14.72 +£25.20
20 - 20 0.18 £0.03 4.73 £0.96 5.56 £2.11 4.07 £ 1.86 -129+£1.72 0.54 £0.48
0.18 +-0.03 4.73 £0.96 5.56 +2.17 4.07 £1.98 -129+1.79 0.54 +0.48
) — Ttz 0.26 & 0.02 1.61 £ 1.04 -5.19 £ 1.02 5.64 +1.44 —41.25 4 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
B at 1.80 4+ 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
E) - 2Ky, 0.38 4+ 0.01 1.50 +0.50 —0.18 & 1.31 1.81 +£0.59 —5.86 +0.48 438 +1.48
0.38 4 0.01 1.50 +£0.53 -0.18 £ 1.32 1.81 +0.62 —5.86 +0.48 438 +1.48
20 - Z7K* 1.31 £0.04 1.59 £0.43 1.47 £0.39 1.80 + 0.68 1.32+0.34 -1.434+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
20 - 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
0.3140.02 -2.61 £ 1.16 5.19 +1.02 —-5.64 +1.52 41.98 +307.3 2.194+0.71
E) > nKg, 0.83 +£0.04 -1.67 £0.54 0.18 £ 1.31 -1.82 £0.59 6.03 £0.51 —421+£1.52
0.83 +0.04 -1.67£0.57 0.18 +1.32 -1.81+0.62 6.02 +0.51 —421+1.52
Zf - Aozt 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 62.154180.3  —53.44 +188.1
g - X0zt 3.16 £0.09 0.16 +0.65 -1.32+0.81 0.56 +0.73 —3.66 046 2.854+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
gF -zt 257 +£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
- Ity 1.02 +0.17 11.59 £ 1.55 5.20 4+ 1.37 16.52 +4.41 —-0.62 +2.45 —-14.73 £37.07
1.02 +£0.16 11.59 £ 1.62 520 + 1.41 16.52 +4.58 -0.62 +2.64 —-14.73 £25.21
g -ty 1.09 £0.17 4.73 £0.96 5.56 £2.11 4.07 +1.86 -129+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
gf - Bk 1.15+0.10 3.02+£0.73 0.65 £ 0.84 17.35 +2.48 7.70 £ 3.62 5124 1.62
1.15+0.10 3.02+0.73 0.65 +0.86 17.35 £2.53 7.70 £ 3.64 512 +1.69
Ef = pKy1 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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Acp(A, = pr®) = —(0.8 +0.3) x 1073,
Acp(B2 - %) = (1.2 +£0.2) x 1073,

Likewise, the following modes have P-wave CP asymme-
tries of order 1073

Af—=pr, Af—-nrt, E2— And,

Ef—>Ant,

AF - pr°,

20> 30%, Ef Xy, Ef->EKT,

(77)

while among them, only the decay Al — p#’ has a large
S-wave CP asymmetry. From Table IV we also see that the
U-spin symmetry relations [13,51]

) (&

) (Bf
Acp(B2 = BKs1) = —Acp(E2 = nKs 1),

Acp(B2 - ) (B

- ) (&

(78)

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
Al — BgV 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-

Acp(A. = pr') = (1.4 £0.1) x 1073,

Acp(Bt = =) = (1.2 4+0.2) x 1073, (76)

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 #- 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]

A%+ m>\"
F= (m) ) A =m+nlqcp, (79)

where + refer to the s-channel and f/u channel,
respectively. Even though the strong couplings are
large in magnitude, the rescattering amplitude is
suppressed by a factor of F? ~m*Agcp/p*. Conse-
quently, the off-shell effect will render the perturbative
calculations meaningful.

In our treatment we do not need to specify the g°
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~, 7-, and U™, respec-
tively, to s-, - and u-channel rescattering processes;
they will take into account the cutoff mechanism.

(¢) 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,

1

p*—m? +iml’’ (80)
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 I we see
that |7-| > |S7| > |U~| 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].
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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 f'

to 52,34,4 and bs, respectively, in this work.

g"c’d and £ in [30] correspond

|Xils |Xilp 3’ 3
(102G GeV?) (in radian)
b, 4.20 £0.29 16.86 = 1.30 2.64 £0.08 —2.03 £0.08
b, 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
by 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
b, 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
bs 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

The interaction at the hadron level is obtained by con-

tracting all possible SU(3) indices of antitriplet charmed

baryons, the baryon octet, the meson nonet as well as the H

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

.... 4. Whether U~ is negligible or not can be
assessed through a global fit. Indeed, we found that
|T~| > |S7| > |U~|. Recall that U~ is often accom-
panied by p_, whereas 7~ and S~ by r.. Since p, is
much larger than r, in magnitude, the smallness of
U~ is compensated by the largeness of p, . Hence,
although |U~| is smaller than |7| and |S™|, the
u-channel contribution is not negligible.

(ii) We have incorporated the hairpin contribution from
the b, term in Eq. (16) [or equivalently the f§ term in
Eq. (26)], which was notdiscussed in [30]. Numerical
estimates of the various coefficients, including Ei, are
presented in Table II. The magnitude of b, is found to
be sizable and should therefore make a significant
contribution to the processes involving the SU(3)-
singlet 17,. Moreover, comparing the coefficients b; in
Table V with those reported in Ref. [30], we find that
the sizes of by in S-wave and b, 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 significant CP violation
in the decays E! - X"z~ and E’ — pK~. For
example, the CP asymmetry of E0 — Xz~ was
estimated to be Acp(E - Itz7) = (0.71+
0.26) x 1073 in [30], whereas our prediction yields

a smaller value of (0.16 +0.11) x 1073. This dis-
crepancy is understandable, as its decay amplitude
receives contributions from b, and b (see Table I)
and both of them are subject to the destructive
interference between 7~ and U~. Conversely, our
analysis predicts sizable CP violation in decay modes
involving 7 or#/, as shown in Eq. (76), which were not
highlighted in Ref. [30]. This is ascribed to the effect
of the hairpin b, 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 20 — 5970, 224() [50] and Case II
with all the data included. The y? values of the TDA and
IRA fits in Cases I and II are shown in Table VI. It is clear
that the y? 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
IT of Ref. [22]) as well as those for the penguin topological
diagrams.

A quantity A = arg(H , /H_), which is the phase differ-
ence between the two helicity amplitudes, was recently
measured by LHCb [23]. The decay parameters are then
determined by

f=V1-a*sinA, y=V1—a*cosA. (81)

We follow our previous analysis [22] to use the new LHCb
measurements to fix the sign ambiguity of § and y. As for
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TABLE VI. The y? values of the TDA and IRA fits in Cases I
and II.

Case | Case 1I

TDA IRA TDA IRA
s 65.47 65.47 89.53 90.08
y*/d.of. 3.27 3.27 3.73 3.75

the phase shift between S- and P-wave amplitudes, it is
naively expected that &p — 85 = arctan(fi/a) (see, for
example, Ref. [53]). However, this relation often leads to
an ambiguity of £z rad. We have argued to employ a more
suitable one [20],

p

Op — 6g = 2 arctan —————.
a*+pF+a

(82)

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

A = 2arctan (83)

-
VB A+ +y
in analog to Eq. (82). The fit results for the phase shift
Op — 65 and the magnitudes of S- and P-wave amplitudes
are substantially improved over our previous analyses with

smaller errors.
For the decay A} — Z°K*, BESIII found [53]

a=001+0.16+003,  f=—-0.64=+069+0.13,
y =—0.77+0.58 £0.11, (84)

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

8p—083=-1.55£0.25£0.05 or 1.59=£0.25+0.05 rad.
(85)

Our fits with A0+ = -0.07 £ 012, ﬂEUK+ =
—0.99 £ 0.01, and 6p — 0y = —1.64 +0.12 rad in Case I
are consistent with the first phase-shift solution as well as

the Lee-Yang parameters azog+ and fzog+. As noticed in
Ref. [22], we have checked that if we set 5)5(" = 5),5" =0
from the outset and remove the input of (@zog+ )y, the fit
azog+ 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 |cos(5p — 8g)| ~ 0.04 that
accounts for the nearly vanishing azog+.

Besides the decay A} — Z°K ™, we have noticed that the
following modes ZE — XTK~,Xtz", pK~, pa~,na,
and 25 — pa°, na™ also have §p — 8¢ similar to that in

A = Z°K* and their decay asymmetries will become
smaller (see Tables VIII-X.). In particular, for the Cabibbo-
favored (CF) channel 2% — X+ K~ whose branching frac-
tion has been measured before, we predict that azo_ 5+ g- =
—0.0740.12in Case ILis very similar to that of A7 — Z0K*.
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, the TDA has the advantage thatitis more
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 T7,C,C, Eh, and E | are
shown in Eq. (11). In terms of the charmed baryon state (5,.);
and the octet baryon (Bg) j TDA amplitudes can be decom-

posed into A, [see Eq. (15)] and .A%) A [Eq. (16)], where
the latter is proportional to 1, and has four independent
amplitudes. In the final-state rescattering mechanism, sizable
penguin topology can be induced from LD rescattering. This
allows us to establish the relations between the TDA

coefficients in A, and A%E,. 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 =} 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 Egs. (82) and (83) to
extract the phase shift 6p — g from the decay
parameters @ and B and the phase difference A
between the two helicity amplitudes from S and y,
respectively, to avoid a possible ambiguity of £z.

(3) Since we use the new LHCb measurements to fix the
sign ambiguity of # and y, the fit results for the phase
shift 6p — 05 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 TDA and IRA are presented in Tables VIII-X.
These results can be tested in the near future.
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(4) Final-state s-, 7-, and u-channel rescattering contri-
butions to B, — 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~,and U~ as the overall unknown parameters to the
respective channels. The FSR parameters and TDA
penguin coefficients then can be resolved via
Egs. (70) and (71). We found that |T7| > |S7| >
|U~| for both S- and P-wave transitions from a
global fit to the data. Hence, the u-channel contri-
bution is small compared to 7- and s-channel ones,
nevertheless it is not entirely negligible. Recall that
the parameter p 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 B. — PB
mediated by the vector-meson exchange, we have
made the assumption that it is dominated by the
tensor coupling fypz.

(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:

Ac—=pr®, A.—py, E-=3X0, Bl I

In particular, we do not observe significant

CP violation in the decays ZE) — X*z~ and

EY — pK~ as advocated in Ref. [30]. This discrep-
ancy is traced back to the decay amplitude in our
framework which receives contributions from b, and
by, both of which are subject to a destructive
interference between 7~ 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
Lpss = 91 BiysDBP, + g,BiysF'BP,

= gBiys[aD* + (1 - a)F“|BP,, (A1)
where the D- and F-type matrices can be found in [54].
Hence, one needs two parameters g and a to describe the
PBB couplings. Alternatively, we follow [30] to write

> g5.8pPBiysB. = g.[(P)i(B)irs(B.)k + ro(P)i(B)iiys(B, K.

B, B.P

> 95.5rPBB_ = g_[(P)}(B)i(B)f + r_(P)i(B);(B_)f.

B_.B.P

(A2)

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,

Inz-kt =Y9+5  GAapk+t =
9+
ot =—=(1+ry),
IAzx \/6( +)

9+
%(1 —2ry),
gzoy,,-z%u—m. (A3)

Using the input of g,s-gx+ = 6.70 and g, ,x+ = —10.78, He and Liu [30] obtained g, = 6.70 and r, = 2.47. However, if
the input of g,s-x+ =4.95, gppx+ = —15.2, gpz-»+ = 10.6 and gsoy+,- = —13.3 from [55] is employed, we will have

g. =495 and r, = 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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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
102B(Af — Azt) 1.29 +0.05 1.29 £ 0.05
102B(A — 20z+) 1.27 +£0.06 1.27 £ 0.06
102B(Af - £*2°) 1.24 +0.09 1.24 +0.09
102B(Af = Ztp) 0.324+0.05 0.324+0.05
102B(A} = Zt) 0.41 £ 0.08 0.4140.08
102B(A} — E°K*) 0.55 +0.07 0.55 £ 0.07
10°B(A} — A’K™) 6.42 4+ 0.31 6.42 4+ 0.31
10°B(Af — Z°K*) 3.70 +0.31 3.70 £ 0.31
10°B(Af = ZKy) 474+ 1.4 474+ 1.4
10°B(Af — nat) 6.6+13 6.6+ 1.3
10°B(A}; — pa®) <0.8 156500 156702
102B(Af — pKj) 1.59 £ 0.07 1.59 £ 0.07
10°B(AS — pn) 1.57 +£0.12 1.63 +0.33 1.58 +0.11
10°B(A; — prf) 48+0.9 48+0.9
10°B(E0 - 2-7t) 1.43 +£0.27 1.80 +0.52 1.80 +0.52
102 l;((E:%:E::I;)) 2.75+£0.57 2.75+0.57
102 2&3&2)) 225+1.3 225+ 1.3
102 g(;é?:gﬁl:g)) 3.84+0.7 3.84+07
102 gﬁ%:ifﬁ; 123412 123+1.2
10°B(E) — 2°29) 6.9 4 1.6 69+16
103B(2Y - 2%) 1.6+0.5 1.6+0.5
10°B(E0 - 2%/ 12+04 12+04
102B(Ef - =0x) 1.6 +£0.8 0.719 + 0.323 [24] 0.84 +0.48
a(Af - A%zt) —0.755 + 0.006 -0.782 £ 0.010 —0.762 + 0.006
a(Af = 20z) —0.466 £ 0.018 —0.466 +0.018
a(A = pKy) 0.18 £ 0.45 —0.744 £ 0.015 —0.743 £ 0.028
a(Af - Zta0) —0.484 +0.027 —0.484 £ 0.027
a(Af = =) -0.99 +0.06 -0.99 £ 0.06
a(AF - =) —0.46 £ 0.07 -0.46 £ 0.07
a(AF — A°KT) —0.585 +0.052 —0.569 + 0.065 —0.579 £ 0.041
a(Af — ZOKH) -0.54 £+ 0.20 —-0.54 4+ 0.20
a(AF — ZOKT) 0.01 £0.16 0.014+0.16
a(B% —» B xt) —0.64 £ 0.05 —0.64 £ 0.05
a(E0 - 2%29) -0.90 £+ 0.27 -0.90 +0.27
BNS — AOzt) 0.368 £ 0.021 0.368 £ 0.021
BAS - A°KT) 0.354+0.13 0.3540.13
r(Af = A%zt) 0.502 & 0.017 0.502 4+ 0.017
y(Af — A°K) —0.743 £0.071 -0.743 £0.071
10?B(Ef — *KY) 0.194 £ 0.090 [24] 0.194 4 0.090
102B(Ef - 2%21) 0.719 £ 0.323 [24] 0.719 +£0.323
102B(Ef — 2°K™) 0.049 + 0.023 [24] 0.049 +0.023
10*B(E; — pKY) 7.16 4 3.25 [25] 7.16 £3.25
10°B(Ef —» Ax™) 4.52 +£2.09 [25] 4.52 +2.09
10°B(E; - 207) 1.20 +0.55 [25] 1.20 +£0.55

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.
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TABLE IX. Same as Table VIII except for yet-observed CF and SCS modes in Case 1.

Channel 1038 a B y |A] |B| Sp — bs
AT - pK, 15.09 +£0.54 —-0.73 £0.03 0.604+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 0.604+0.11 -0.31=+0.19 4.31 +0.60 15.06 &= 1.17 2.45 4+ 0.10
20 - AYK, 7.50£0.21 —-0.59 +£0.02 0.59+£0.09 -0.564+0.10 2.66 4+ 0.31 14.09 4+ 0.50 2.354+0.07
7.50 +£0.21 —0.59 £0.02 0.59 +£0.09 -0.56+0.10 2.66 +=0.31 14.09 4+ 0.50 2.35 +0.07
20 - 20K, 0974+0.16 -038+041 -092+020 —0.06+043 1.40 £0.36 4594092 —-1.96+046
0974+0.16 -038+£041 -092+£020 -0.06=+043 1.40 4 0.36 4594092 —-1.96+£0.46
E? Y 0.26 +£0.02 —-0.07+0.12 -0.964+0.03 -0.26+0.08 0.61 +£0.04 2.28 £0.10 —1.64 +0.12
0264+0.02 —-0.07+£0.12 -096+0.03 —0.26£0.08 0.61 +0.04 2284+0.10 —1.644+0.12
Eg — Y00 0.34 +0.03 —-0.80 £0.16 0.34 +0.07 0.50 +0.22 1.00 £ 0.10 1.66 +0.34 274 +0.14
0.34 +£0.03 —-0.80 £ 0.16 0.34 +0.08 0.50 +0.22 1.00 £0.10 1.66 +0.34 274 +0.14
Eg — Zor] 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
EE — 20;7/ 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
B0 » gt 1.80 £0.05 —0.734+0.03 0.68 4 0.03 0.02 +0.04 1.89 £ 0.05 5.304+0.13 2.39 4+ 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
20— EOKS/L 0.384+0.01 —0.51 £0.02 0.524+0.09 —0.69 4+ 0.07 0.51 +0.06 4.264+0.12 2.354+0.10
0.384+0.01 —-0.51 £0.02 0.524+0.09 —0.69 4-0.07 0.51 +0.06 4.264+0.12 2.354+0.10
E(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
E(C) — nKS/L 0.83 +0.04 —-0.36 = 0.01 0.37 +£0.07 —-0.86 +0.03 0.51 +0.06 426 +£0.12 2.35+0.10
0.83 +0.04 —-0.36 = 0.01 037 +£0.07 -0.86+0.03 0.51 £0.06 426 +£0.12 2.354+0.10
Eg — A070 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
E(C) — A0;7 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
20— A% 0.634+0.08 —0.62 £0.07 0.644+0.13 —0.464+0.21 1.024+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
- >ta0 2.56 +0.11 -0.53 £0.10 036 +0.15 -0.77+0.12 0.62 +£0.16 4.94 +0.20 2.54 +£0.16
256 +0.11 —0.534+0.10 036+0.15 —0.774+0.12 0.62 +0.16 4.94 4+0.20 2.544+0.16
Ef - Xty 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
EF - Xty 1.08 £ 0.17 —-0.50 £0.10 0.86 £0.05 —-0.11+0.24 1.02 £ 0.16 4.77 +£0.61 2.104+0.12
1.08 £ 0.17 —-0.50 £0.10 0.86 +0.05 -0.11+0.23 1.02 £0.16 477 £0.61 2.104+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 10°8 a p 4 |A] |B] 6p — 8
AT - nK™ 0.11+£0.08 —0.93+0.27 0.38 £ 0.66 0.02 £ 0.40 0.14 £ 0.06 0.35+0.17 275+£0.71
0.11+£0.01 —0.93+0.05 0.38 £0.12 0.02+0.14 0.14 £ 0.01 0.35 +£0.04 275+0.12
20 - =K+ 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
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