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We study the nonleptonic three-body charmed baryon weak decays of B, — B, PP’ under the SU(3)
flavor symmetry, where B, denotes the antitriplet charmed baryon, comprising (2, —E}, A}), and B,, and
P(P’) represent octet baryon and pseudoscalar meson states, respectively. In addition to 12 parameters from
the contributions of the color-antisymmetric part of the effective Hamiltonian, denoted as H ((_5), there are 4
parameters from the color-symmetric one, H(15), which were not included in the previous study. With 16
parameters in total and 28 experimental data points, we obtain the minimal y> over degree of freedom of
x*/d.o.f = 1.5, which is a great improvement comparing to that without H(15). With the better fitting
values, we evaluate the branching ratios and up-down asymmetries of B, — B, PP’, which present some

interesting results such as B(A$ — (£(1690)° —» ZTK7)K*) = (1.5 £+ 0.4) x 10~* and potential SU(3)

breaking effects in 27 — prtK~ and AT — 2~ K™ to be verified by the experiments at BESIII, Belle-II,

and LHCb.

DOI: 10.1103/PhysRevD.109.093002

I. INTRODUCTION

The nonleptonic three-body charmed baryon weak
decays of B, — B,PP’ have been searched continuously
by Belle-II [1-5], BESII [6-12], and LHCb [13,14]
Collaborations with increasing high precision, where
B, = (2%, -E/,A}) represents the antitriplet charmed
baryon, while B, and P(P’) denote octet baryon and
pseudoscalar meson states, respectively. A systematic study
of these three-body charmed baryon decays is crucial due to
their rich spin structures, providing insights into P, CP, or
T-violating spin correlations, and aiding in understanding
the complete dynamics of baryonic decay processes.

In contrast to the wealth of observational data, calculat-
ing charm quark three-body weak decays into light quarks
has proven challenging. This is attributed to the large mass
of the charm quark, making the SU(4), flavor symmetry
ineffective, and the failure of the heavy quark expansion
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due to the insufficiently large m,. The increasing complex-
ity of these decays further causes the ineffectiveness of
factorization methods [15]. To overcome these challenges,
alternative approaches for charmed hadron decays have
been explored in various studies [16—22]. These approaches
recognize the necessity of considering nonfactorizable
effects. On the other hand, the SU(3), flavor symmetry
method has been tested as a useful tool both in the beauty
and charmed hadron decays. Its feasibility has been
established in charmed baryon two-body and three-body
semileptonic charmed baryon weak decays [23-39].

To investigate the nonresonant weak decays of
B, — B,PP’, we make the assumption that the final state
configurations of the pseudoscalar meson-pairs are pre-
dominantly characterized by S-wave ones. We express the
decay amplitudes in terms of parity-conserving and violat-
ing components under SU(3), following a similar frame-
work as outlined in Ref. [38]. Building upon a thorough
discussion [34,40] of the contribution from the color-
antisymmetric part of the effective Hamiltonian associated
with the irreducible representation 6 under SU(3) ¢ and
incorporating additional experimental data, we extend our
analysis to consider complete effective Hamiltonian con-
tributions related to both 6 and 15 representations, resulting
in 16 real parameters to be fitted with 28 available
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experiment data points. Furthermore, we discuss the
possible error sources and some interesting findings of
the new fit.

Our paper is organized as follows. We interpret the
formalism and give the explicit amplitudes of all decay
channels of B. — B,PP’ under the SU(3) flavor sym-
metry in Sec. II. In Sec. III, we present our numerical fitting
results and discussions. Our conclusion is given in Sec. I'V.

II. FORMALISM

The nonleptonic three-body charmed baryon weak decays
of B.—B,PP’ can be proceeded through the charmed
quark decays of ¢ — sud, ¢ — udd(uss) and ¢ — dus.
Accordingly, the effective Hamiltonian at tree level is given
by [41]

eﬂ_\[ 2 Ve VigciOF + Vg Vi e (04
i=—,+

+ Vch;sci Ofd] ( 1 )

- 07)

with the four-quark operators written as:

0% = 1 [(a4))y-a(@5)y-n £ (@01 )y-a(T)yoa]  (2)

where G is Fermi constant and c¢; represent the Wilson
coefficients. The four quark operators 0%, 0% — 0%, 0%¢
are classified into so-called Cabibbo-favored(CF), singly
Cabibbo-suppressed(CS), and doubly Cabibbo-suppressed
(DCS) processes, respectively.

The three modes of charmed quark decays can be written
as ¢ = q'q¢’q; with q; = (u,d,s) is the triplet of light
quarks under the SU(3); flavor symmetry. The form of
q'q’g, can be decomposed as the irreducible representa-
tions of 3® 3®3=15® 6 ® 3 ® 3, in which 15 and 6
correspond to the color-symmetric operator O%'%* and the
color-antisymmetric operator 02192 [23,24], respectively.
Consequently, the effective Hamiltonian can be divided
into the symmetric part H(15) and antisymmetric part
H(6), defined as

{(P)}'(P)},H(8) TV + ax(
F(P)j(P){H(6),,T" + as(B,

where (B,);;; = €;;x(B,);. We observe that in Figs. 1(a)
and 1(b), B,, is composed of the two spectator quarks from
B, whereas in Figs. 1(c;) and 1(c,), it consists of only one

B,)i(P)}

(P),H(15);"T" + ay(B,,)
(P),H(15);"TV + ao(B

Gp
Hefr =—7

\/§<C+H(15> +c_ H(6)lk€ j)(‘] q )V A(q )V_A-

(3)

Under SU(3)y, the three lowest-lying charmed baryon
states of B, form antitriplet charmed baryon states, and
B, and P belong to octet baryon and pseudoscalar meson
states. In this work, we adopt the same convention for the
SU(3) tensors as those in Refs. [34,40].

We assume that S-wave(L = 0) pseudoscalar meson
pairs dominate in the nonresonant amplitudes. The decay
amplitude can be written as

M(BC — BnPP/) = <P/PBn|Heff|Bc>
= iig (A — Bys)ug,, (4)

where ug  are Dirac spinors of baryons, and A and B
represent the parity conserving and parity violating parts,
respectively. Assuming the dominance of H(6) over H(15),
(B, PP'|H|B,) contains six SU(3), parameters in A and
B amplitudes to be fitted with data [40]. Due to the limitation
of data points, we assume that final-state interactions (FSIs)
are negligible between nonresonance states, and the param-
eters A and B are considered to be relatively real.

However, the H(6) fitting [40] has presented large
deviations with updated experiment data, such as A —
A°K* 7% [12], and E0 —» E°K*K~ [4], indicating the

H(15) contribution is of great significance in the
SU(3)p fitting. In this study, we first incorporate H(15)
into the analysis of charmed baryon three-body weak
decay. We list all possible topological diagrams contributed
by H(15) before integrating the W boson in Fig. 1.
Focusing on H(15), the quarks represented by ¢. and i
of the W-exchange part in Fig. 1(e) are symmetric in color.
Meanwhile, ¢, and i originate from B, where the color of
the quarks is totally antisymmetric. We conclude that the
topology of W-exchange processes like Fig. 1(e) does not
contribute to H(15), owing to the Korner-Pati-Woo theo-
rem [42,43]. From these diagrams we can get complete A
and B SU(3) amplitudes, given by

P),H (6) T + as(B,)f(P) (P),H(6),T"

)e(P)}(P)3,H(6), T + ag(B,)i(P)}'(P){H(6),,T"
ijn(P)(P)H(15);" T
Witn (P (P)TH (1) T

(5)

|
spectator quark. Given that the light quarks in B, and B,
have similar wave functions in the quark model, it is
reasonable to assume that the contributions from (c¢;) and
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Topology diagrams contributed by H(15) before integrating the W boson, where (a), (b), (c;), and (c,) are W-emission
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processes, while (e) is an example of W-exchange processes. The parameters a;, ag, ag, a;o are given by (a), (b), (c1), and (c,),

respectively.

(c,) are smaller than those from (a) and (b). Hence, we
take ag ;o and bg o, which come from the topology of
Figs. 1(c;) and 1(c,), to be zero in the following.

The explicit full expansions of A(Af — B,PP’),
A(Ef - B,PP"), A(E2 - B,PP') within 16 parameters
are presented in Tables XI-XIV in the Appendix, while
B(B, — B, PP’) can be simply acquired by the replace-
ment of A(B, — B, PP'){a; - b;,i = 1 ~8}. As we only
consider the physical quantities after integrating over the
phase space, we assume the amplitudes of a; and b; to be
independent of m3,, which can be justified in the limit of
the SU(3), flavor symmetry.' By introducing the kinematic

correction k(m3;), the differential decay width and aver-
aged up-down asymmetry of B, — B, PP’ can be derived
as [40]

1 A*+*(m33)B>  , .,
b= L@ ng (27)*  32my dmiydmy;,  (6)

respectively. The kinematic correction

defined as

() s

(8)

with m,; is the sum of the 3-momentum of the two
pseudoscalar mesons in the rest frame.

III. NUMERICAL RESULTS

We make use of the minimum y? fit in the numerical
analysis to obtain the values of 16 parameters a; and b; in
Eq. (5) under SU(3) for B, — B,PP’. The validity can
be tested via y?/d.o.f. The minimum y? fit approach is
given by

and

2 j;nfz fm%3 K(m%3 )ABdm%de%

)(2 _ Z <B.l§U(3) - Béata) 2

i
i Odata

(@)

()

©)

= T o, A% + (k) Bdniyani,

'We have examined the simplest first-order of m%3 dependency
in the form of a; = af[1 + (m3;/my )r]. The fitting result closely
mirrors that presented in this paper with r = 0.09.

in which BEU@) is the ith decay branching ratio from
SU(3) fitting predictions, B, represents the ith experi-
ment data, and aéata stands for the ith experiment error,

while i = 1,2, ..., 28 for 28 experiment measured channels
in Table I.
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TABLE 1. The experimental data from Refs. [1-5,7-14,44-50] and reproductions for B(B. — B,PP’).
Channels Data Our fittings Channels Data Our fittings
102B(A - prtK™) 34+04 34+04 10?2B(AF - Z+7%20) 1.3£0.1 1.3+0.1
10°B(A; — A°K+K?) 56+1.1 59+ 1.0 10*B(A} > prK*) 1.0+0.1 1.04+0.1
102B(Af = Az tyP) 1.8+03 1.9+£03 10*B(Af — nK*K") 8.613% 6.5+22
103B(Af - A'2K) 1.5+03 1.4£0.3 10°B(AF — pﬂ,’OKo) 1.9£0.1 1.9 +£0.1
102B(Af = Ztata) 29+£05 28+0.5 10°B(Af - n7T+KO) 1.9 +£0.1 1.9+0.1
102B(Af - X ntah) 1.9+0.2 2.0+0.2 10°B(Ef - ZtatK™) 26+1.2 39+04
102B(A} — =07+ 20) 22408 1.0+0.1 10°B(Ef - E07"7°) 6.7+3.5 1.0+0.3
103B(AL = X072t n0) 82+09 83+0.8 10’B(Ef - Ztata™) 14.0 £ 8.0 6.5£1.6
10°B(Af - Xta KY) 20+04 1.64+0.3 10°B(E; - - ntat) 51+34 6.9+23
10°B(Af - E-7tKY) 33109 1.5+05 10°B(Ef - ZtKTK") 42+25 0.4+0.2
10°B(Af = patn™) 47+03 4.6+0.3 10°B(E2 —» A%z K™) 1.2+04 1.3+03
10*B(Af — pKTK™) 52+12 48+1.0 10*B(E2 — A°K+K™) 51+1.9 45+0.7
1OZB(A+ - pK°n®) 0.84+0.2 0.7 +0.1 10°B(E2 — ”0K+K‘) 0.7+0.2 1.0 +0.1
10°B(AF — E%2°K™) 78+ 1.6 8.0+ 1.5 10°B(EF - E-atn") 29+13 40+1.1
. We now discuss 'the .data input in Table I. Most  TARIE I Numerical results for B(AS — B,PP').
importantly, the contributions from two-body resonances
are excluded from these 28 data in the table. Aside fromthe ~ CF mode 102 CF mode 10°B
usage of nonresonant experimental data, we also take _
Af > SHEP > a0 [5152] and Af — (B(1530)F — A0 L93E02T o prKY 3902029
E-xT)K' [6] into consideration for subtracting the NKTK 0.59 £0.10 pK™n 0.74 +£0.11
resonant contributions. To obtain absolute branching ratios, Xont 101 +0.10 2 3.42£0.36
we incorporate specific branching ratio measurements, 2’77’ 0.83 +0.08 natK° 3.67+0.22
B(Af - prtK™) = (6.8+03)% [46] and B(E) -  ZKTK° (234£0.83)x1072 E'x’z 1.33£0.10
E z")=(1.8+£0.5)% [2], provided by Belle. These X ztz* 1.95+0.20 =t a0%0 0.87 £ 0.09
measurements serve as crucial data to convert relative =tk 0.15 + 0.05 S0 (4.29 +4.04) x 1076
branching ratios into absolute values. . . 200K+ 0.80 & 0.15 Stota 281 + 0.47
2The fitted 16 parameters are colle.cted in Table II with ZOK+p0  (1.45+0.32)x1072 ZTKTK™ (4.584+0.38) x 1072
yx-/d.o.f = 1.5 and d.o.f = 12 standing for the degree of 20,4 KO 0.97 & 0.33 SHRORY  (0.86+118) x 10-2
freedom. In Table I, the branching ratios of 28 input =" ' ' (0-8679'56)
data have been reproduced, and we can see that the . -
SU(3), fittings are in good agreement with the data. ~ CS mode 10°8 CS mode 10°8
We list our all numerical fitting results for the branching 70,0+ 13.6 +2.5 P 4.46 +1.18
ratios of A} — B,,PPT, Ef - B,PP' and ¥ —» B,PP in AOKH 0 0.59 + 0.24 prta- 46.4 + 3.0
Tables ITI-VI, respectively. . . AVzt KO 393476  pK'K- 4824105
Our predictions include the branching ratio of S0 0K+ 894 4 1.41 KOR 3.53 + 168
B(Af - ZtKTK™) = (4.6 +0.4) x 107*, which is notably g ' ' p : '
OKtRY (429+£1.23)x1072  nzta® 253455
S0zt KO 3.31£0.97 natn? 452 +12.1
Stk 373+ 1.11 nK+K° 6.54 +2.17
TABLE I Fitting values for a; and b; in unit of %- Gev2. & K'K" (33355) x 107 X2’k 3.46 & 1.01
EOKTKY  (1.241182) x 1073 ZTK%° (8.38+£2.40) x 107
a; Result b; Result 0.0 by
pr'm 39.6 £9.2 XTn K 16.1 £3.0
aj 3.12 4+ 0.99 b, BOBE4IS o0 5.8 4 6.1
a, 0.06 = 0.61 b, 220+ 1.88
as —-491+£1.09 by —18.04 £7.15 P P
as 2.05+0.44 b ~3.10+372  DCS mode 10°5 DCS mode 10°8
as 6.36 £ 0.76 bs —12.83£8.58  jog+ o 7.22 + 1.08 pr K+ 96.1 +9.2
Z: _11.6%9 f 1(_)4%9 l,;j _132(').1056123'_9118 SOKKO 1.10 £ 0.42 naOK+ 79.1 4+ 28.8
as -5.22+0.37 by —2.85+6.09 (Table continued)
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TABLE IIL. (Continued)

TABLE V. Numerical results for B(E? — B,PP").

DCS mode 10°8 DCS mode 10°8
KK 1.08 £ 0.41 nK*n’ 0.8525¢5
paK° 56.8 +15.8 nat KO 153+ 61
pK° 13.6 £2.6 THKOKO 1.09 +0.42
TABLE IV. Numerical results for B(Ef — B,PP’).

CF mode 1028 CF mode 10°B
A’ztK®  0.61+0.60 E'K*K° 0.18 +0.08
Ozt KO 7.33+1.21 pK°K° 2.46 +0.69
Extxt 395+ 1.10 >t a0K0 5.96 +1.08

Erta®  1.014£028  TTR%®  (3.02+ 1.78) x 1072

E0zty0 1.18 £0.56  XtzTK~ 3.86 +0.44

CS mode 10°B CS mode 10°B
Azt z0 0.85+0.17 pa’K° 7.39 + 1.77
Azty0 1.82 +£0.93 pK%° 1.18 £ 0.44
ACK+KO 0.73 £0.37 prtK- 28.34+2.6
SO0zt 70 6.70 + 1.70 nat K0 4.80 +1.76
S0z ty0 5.334+1.38 =t a%70 17.9 £2.59
XOKFK 2.07 £0.37 = 2%° 1.14 £0.46
S atat 6.91 +2.27 =00 0.18 +0.07
EatKT 0.95 +0.28 Stata~ 6.53 +1.59
E0A0K+ 1.94 + 0.54 STKTK™ 0.37+0.15
E0K+0 0.27 £ 0.04 >TKOKO 0.454+0.21
B0t KO 1.93 4+ 0.60

DCS mode 108 DCS mode 108
A’7OK+ 0.53 +0.20 pa’n° 2.72 +0.86
AK*T0  (9.02£2.74) x 1072 pp®y° (3.76 £ 3.30) x 1072
Azt KO 2.134+0.47 prta” 27.9+2.4
070K+ 3.31 £0.33 pKtK~ 1.11 £0.19
0Kt (458 £1.05) x 1072 pKKO 0141012

20zt KO 4.18 £ 0.80 natn° 5.38 £1.70
STatKT 0.69 +0.21 nK*tK° 2.00 £ 0.70
E"KTKT (2.45+1.09) x 1072 =+z0Kk0 2.85+0.31
EOKTKO 0.12+0.03 SHKO%0 (475 £1.67) x 1072
pa’n® 14.1+1.2 Sta KT 1.14 +£0.20

CF mode 10’8 CF mode 10’8
A°7OK° 1.18 £ 0.30 0700 0.33 +£0.09
AKOp0 0.28 +0.05 E2%%°  (7.50 +5.18) x 1073
Azt K~ 1.25+£0.30 E'ntn- 0.281038
2070K0 226 +0.51 EOKTK™ (9.574+0.77)x 1072
0K (9.61+1.61)x1072 EOKOKO 0.11 +0.02
YOt K- 2.85+0.61 pK~K° 1.01 +0.34
>zt KO 420 +0.75 nK°K° 1.1440.13

g ata 0.34 £ 0.09 >0k~ 2.38 +0.49
Bty 1.14 +0.22 tE° 0.13 4 0.02
E"KTK° 0.43 £0.14 Ttz K0 2.63 +£0.91
207070 0.89 +0.43

CS mode 10°8B CS mode 10°8B
A°7070 2.25 +0.66 E K+t 1.99 +0.26
Az’ 0.68+0.14  ZK*° (9.0742.99)x 1072
%00 0.24 £ 0.05 EatKO 1.33+£0.22
Azt 7~ 2.34+0.93 E070K° 0.63 £0.10
AKYK- 0.45 £ 0.07 2OK%°  (1.05+0.14) x 1072
ACKOKO 0.38 +0.05 E0r K+ 1.03+0.14
307070 1.04 £0.29 pr’K- 1.43 +£0.50
07040 1.53 +0.27 pK=n° 0.30 £0.13
00%°  (3.004+1.24)x 1072 pa KO 5.78 +1.89
Yrta- 3.27 +0.66 na'K° 8.80 +1.73
SOKTK- 0.14 +0.08 nKo,° 0.27 +0.10
SOKOKO  (7.0241.32)x 1072 nzt K- 8.69 4 1.65

> atad 1.68 £0.48 >t 0.61 £ 0.20
>ty 6.16 +0.77 =t n° 0.68 = 0.30

> KtK° 0.41 +0.07 StKOK- 0.59 +0.11
TABLE VI. Numerical results for B(Z2 — B,PP’).

DCS mode 10°B DCS mode 10°8
A%7°K° 8.84 + 1.61 EOKOK? (8.53 4 3.72) x 1072
AKO0 0.67 +0.19 prn° 182+58
Az~ K+ 13.7+£2.7 pKK- 6.79 +£2.37
070K0 5.47 +0.89 na’n” 47.4+4.0
SOKO0  (7.91 £2.78) x 1072 nay° 9.14 +2.90
07K+ 1.35+0.57 iy 0.13+0.11

T 20K+ 7.23 4+ 1.80 nata 93.7+ 8.0
K0 0.30 £ 0.07 nK+tK- 0481063
Tt K0 37.5+4.6 nK°K?° 3.63+0.61
E-KTK° 0.81 +0.16 Tt KO 2.41+0.72

093002-5



GENG, LIU, and LIU

PHYS. REV. D 109, 093002 (2024)

|,
< "
<

m o
e

<

3 =

FIG. 2. Topology diagram of parameter as.

smaller than the one of (2.0 4 0.4) x 10~ observed by
BESIII [9] but aligns with the upper limit prediction of
8 x 107* from Belle [53]. This suggests that resonant
contributions still exist. Working backward, it suggests
that  B(Af — (E(1690)° - Z*K~)K*) is  about
(1.5+£0.4) x 1073, Moreover, the predicted branching
ratios for B(Af - °272°) and B(Af - E-z"K™") are
approximately half the magnitude of their experimental
measurements, hinting the presence of other resonant
contributions from excited state particles. We emphasize
the need for further experimental investigations to confirm
their existences and extract the branch fractions of these
states.

TABLE VII. Numerical results for (a)(Al — B,PP’).
CF mode (a) CS mode (a) DCS mode ()
A0zt 0 01406 A0k + —04+04 AOKTKO 0.14 +0.30
AKTKO 0.63 £ 0.30 AK 0 0.17 +£0.32 TOK+TKO -0.3+04
nt 70 0.732031 Azt KO —0.96 + 0.04 TKTKT -03+04
2zt —0.86707} 270K+ 0.965 + 0.021 pr’K° —0.96570 %35
20K KO —0.80%0% 0K 0.15+0.21 PK" —0.74%9%
Tatat 0.73+921 20rt KO 03407 pr Kt 0.69 +0.27
ErfK* —0.85104 Ttk 0.6+04 na'K* —0.93107
202K * —0.54+0.33 EKYK* —0.75103, nK*tn° 0.6°07
EOK 0 —0.29 4+ 0.20 EOK*K° —0.72493 nat KO 0.60 & 0.31
B0t KO —0.04 £0.35 pr°n’ 0.86"074 TKOK® —-03+£04
pr°K° 06104 pa'y° —0.9310:%
pK° 00405 prn’° —0.6 +0.4
pr K- 0.80107° pr'a 0652435
nrt KO ~0.6810%, PKYK" ~0.881070
=t %20 —0.95709 pKOK° —0.3+0.7
=t —0.86792% nat 03+0.7
Z*r]%}o 0.10 & 0.07 nﬂ+q0 ()6:?;1
Stata —0.1+0.5 nkK*K° 0.891027
TKTK" 0.0+0.9 = a0K° 03407
TFKOK® 00+04 =K% 0.15+0.21

K 091555
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TABLE VIII. Numerical results for (a)(Ef — B,PP’).
CF mode (o) CS mode () DCS mode (o)
AntK° —0.5%% At a° 0.3+06 A7°K* —0.901975
2Ozt KO 0.0+0.6 Aoty 0.5507 AOK 0.782033
Extat -0.619¢ AK+ KO -02+04 Azt KO -0.851072
Eorta’ —0.620¢ 2rtal —0.94*918 200K+ -0.1+05
0zt —0.96100: 07t 0 0.77495 SOk 0 -0.73103;
E'KK° 0.9500 XOK+KO -0.961 00 Xrt KO 0.9510%
PROR? ~0.67:87, st ~0.673 stk ~0.66793,
>t 0K° -0.857039 EatKT 0.6+04 E"KTKT 0.96190¢
TR —0.957] 020K+ 0.5+0.4 KK -0.324+0.29
tatK- 0.79*92! 20K 0 0.16 +£0.33 pr°n® 0.0 +0.4
20zt KO 0.8410¢ pr'n° -0.87 0%
pr’K? 0.969 =+ 0.023 pi’n° —0.6109
pK°n° —0.74705, prta 0.0 + 0.4
pr K- 0.70%0:39 pK*K~ —0.1+0.6
natK° -05+04 pK°K° 0.1+0.9
T+ 029 ~0.94+0.16 na ~0.8707%
=ta0p0 0.94100¢ nK*K° 0.0+ 0.6
00 03404 >ta0K0 02406
Stata -0.81107%8 =HKO%° 0.64 £0.32
ZKK 092103 St K 0.89°31)
TtKOKO -03+0.5
TABLE IX. Numerical results for (a)(E) — B,PP’).
CF mode (@) CS mode (@) DCS mode ()
AOZ0 KO 0.1+05 A070 70 0-965f8.‘8§5 A070 KO _0~95t8f859
AOKOy0 0.6104 A%7%%° 0.967 +0.016 AOKOy0 0.0+£05
Azt K- 04+0.5 A0 0.31+£0.35 Az K+ —0.71%93
2070K° —0.1£0.5 Nrta~ 0.887047 2070K° 0.965 + 0.034
ZOKO° -0.67 +0.29 AKTK- -03+07 ZO0KOR0 0.64 +0.32
20rtK- -0.93%047 A°K°K® -0.8970% 20r K+ 02+0.7
2 atK° 0.712033 207070 0.0£0.6 = 0Kt 0.4+0.5
E-xtad -0.610¢ 072090 0.687032 K0 —0.7410
gty 0.1+0.6 3000 03404 St KO 0.80:920
ETK*K° 0.961 +0.028 rta- -0.731953 E"KtK° 0.40 +0.25
2929720 -0.3+0.7 SOKTK- 0.1£05 E9KOK° 0.967 00
E07%° 0.94700% 2OKOK® —0.83107 pr —0.87707%
2000 ~0.8670% =t 0.97 £ 0.02 pK°K~- 0.0+ 0.6
ChPar 00409 Tty 0.9670 %7 nz’n’ 0.0+0.4
EOKTK- 0.0+0.9 > K+K° -0.24+0.7 na’n’ -0.87 9%
B9KK0 —0.06 + 0.24 E 'Kt 0.96 + 0.04 ni’n° —0.6107
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TABLE IX. (Continued)

CF mode (@) CS mode (a) DCS mode (@)
pK K" ~0.693 E K 0.71 +£0.22 nata” 0.0+04
nk°K° 0.677032 Ext KO -0.2+0.6 nK*K- 0.1+£09
Tt a'K- —0.741933 E070K" ~0.965 =+ 0.025 nK°K° ~0.1£0.6
K0 —0.54 +0.33 EOK° —0.2%54 =t KO —0.651035
Tta KO 0.0+05 207 K" 05405
pr’K~ 0.0 +£0.7
pK—n° 0.78J_r8"32
prK° -0.8810%
na'K° 0404
nKo° -03+£0.7
natK- ~0.31 £0.35
taln -0.6707
tay® 05405
KK~ ~0.58 £ 0.35

TABLE X. Decay branching ratios and averaged up-down asymmetries for CF and DCS mixed-mode processes involving K% and K?.

Channels B (a) Channels B (@)

Af = A°K*KY (273 £0.49) x 1073 0.65 +0.30 B) - Zt1 K} (1.354+0.45) x 1072 —0.10 £ 0.50
Af = A’KKY (3.134£0.53) x 1073 0.62 + 0.30 B > Xt KY (1.29 4+ 0.46) x 1072 0.00 + 0.50
Af - ZKTKY (127 +0.48) x 107 —0.852919 BY - 2070KY (1.06 +0.24) x 1072 —0.20 £+ 0.50
A} - ZKFKY (1.08 +0.35) x 107 -0.731049 2 - 202°K? (1.20 £ 0.27) x 1072 0.00 + 0.50
A} — pr°KY (1.88 £0.14) x 107 0.607050 B —» Z7xt Ky (1.81 £ 0.34) x 1072 0.60 = 0.40
A = prKY (2.02+0.15) x 1072 0.50 £ 0.50 E) > E 7t KY (243 +0.41) x 1072 0.78103%
A = pn°KY (3.41£0.49) x 1073 0.00 + 0.50 B —» E-K*KY (1.97 £0.65) x 1073 0.96 + 0.00
AF = piPK? (3.97 £ 0.58) x 1073 0.00 £ 0.50 B0 - E-KTKY (2.29 £ 0.75) x 1073 0.9610%4
A = nrt K (1.85+0.09) x 1072 —0.76193% B —» pK~K§ (537 +1.70) x 1073 —0.69703)
Al = natKY (1.83£0.17) x 1072 —0.6073) B - pK~K} (4.79 £1.67) x 1073 —0.50 £ 0.50
Af — ZHKOKY (1.001]:26) x 1074 0.00 4+ 0.40 B0 — A% K9 (1.37£0.24) x 1073 0.60°9%)
Af - ZTKIKY (5.46 £2.09) x 1077 —0.30 + 0.40 B2 - A%°KY (1.47 £0.26) x 1073 0.6910%%
A - ZHKYKY (0.731599) x 107* 0.00 + 0.50 E) - 2°KYKY (1.10 £ 0.19) x 107 -0.09 £ 0.24
Ef - =t2°KY (2.67 £0.50) x 1072 -0.8950% E) - 2KIKY (4.27 £ 1.86) x 1077 0.96" 06
Ef - =tk (3.32£0.59) x 1072 —0.817075 B} - E°KYK) (1.15£0.20) x 1073 -0.03 £ 0.24
Ef - =Ky (1.35+£0.80) x 10~ -0.9620 01 E) > nK3K} (544 £0.63) x 1073 0.60 £ 0.40
Ef - Z°KY) (1.71£0.99) x 107 -0.90797% B - nK3KY (5.69 £0.64) x 107 0.672031
2t - 07t K)) (3334£055)x 102 —0.10£0.60 =0 — nKIK? (6.00 4 0.68) x 1073 0.76:03¢
Bl - 207K (4.04 £0.67) x 1072 0.00 + 0.60 29 - A°2°KY (6.65+1.64) x 1073 0.00 + 0.50
B - BE'KTKS (8.324+3.76) x 10~* 0.927098 22 - A%20K? (5.19 4+ 1.39) x 1073 0.20 £+ 0.50
Ef - B°KKY (9.82 £4.76) x 107 0.96 + 0.02 B2 - 20K} (4.61 +£0.78) x 107 —0.70 £ 0.28
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TABLE X. (Continued)

Channels B (@)

Channels B (a)

Ef - A'ztKY
Ef - A% K9
= 0 0
Bl - pK{KS
=+ 0 0
El - pKiK;
Ef - pKYKY

c

(4.02 £3.32) x 1073
(2.32737)) x 1073
(1.31 £0.35) x 1072
(1.23 £ 0.34) x 1072
(1.16 +0.35) x 1072

-0.70070
0307938
-0.65079
—0.67:03

—0.6979<0

E) - 200KkY (5.01 £0.83) x 107 -0.65+£0.29

Notably, our prediction of B(El - pa"K™)=
(28.3 £2.6) x 1073 significantly exceeds the results of
(11 £4) x 1073 from LHCb [14] and (4.5 4+2.2) x 1073
from Belle [1]. It is interesting to point out that
AES » prtK™) =A(Af - Z7z7KT) in the exact
SU(3), symmetry, but their released energies are in
great difference of 0.9 GeV and 0.5 GeV for the former
and latter, respectively,2 leading to the hierarchy of
I'Ef - prtK™) = 10I'(Af - Xtz K™'). However, this
analysis is in sharp contrast to the experimental data,
indicating that their decay widths are approximately the
same. This implies a large SU(3) flavor symmetry break-
ing effect, which may come from resonant hadrons. We
strongly suggest that future experiments revise these two
channels.

We note that the y? fit suffers a Z, ambiguity of
B(A, B) = B(A, —B). The ambiguity can be broken with
an input of (a) as (a)(A,B) = (a)(A,—B). Here, we
choose the (a) of A} — Z%2°K* and A} — E°K*° to
be negative as their amplitudes are contributed by
Fig. 2 mainly, where x and y have a negative helicity
in the chiral limit. Consequently, the helicity of B, is
negative also, leading to a negative averaged
up-down asymmetry. We list the predictions for the
up-down asymmetries of (a)(Af,Ef, EQ —» B,PP') in
Tables VII-IX. Meanwhile, without considering CP
violation of physical particles K% and K9, we can also
give branching ratios and up-down asymmetries of three-
body decay channels involving K% and K9 of mixed-
modes, which are presented in Table X. These results are
acquired under the assumption of S-wave meson pairs in
the final states, neglecting the contributions from pseu-
doscalar meson exchanges, which can be used to assess
the dominance of S-wave meson pairs in nonleptonic
three-body decays.

’From Eq. (6), we see that I’ « AE* if A and B are held as
constant, with AE the released energy.

IV. CONCLUSIONS

In our study of the antitriplet charmed baryon three-body
weak decay of B, — B, PP’ within the framework of the
SU(3)p flavor symmetry, we have incorporated contribu-
tions from both H(6) and H(15) to decompose the decays
into 16 real amplitudes. Through a minimum y? fit to 28
updated experimental data points, we have achieved a new
fit with y?/d.o.f = 1.5. This significantly improved the
fitting results, affirming the validity of SU(3) in charmed
baryon three-body decays. Based on the branch ratio fitting
results, we have analyzed potential sources of errors,
including the remaining resonant and excited state con-
tributions in the experimental data, the contributions of aq
and a;o in H(15), and the P-wave contribution in the final
states. We have given one of those predictions of
B(A = (E(1690) - TTK7)KT) = (1.5 £ 0.4) x 1073,
which needs to be further explored by experiments.
Meanwhile, the possible SU(3), symmetry breaking effect
in processes, such as 27 — paTK~ and A7 — T2 K™, is
notable in theoretical research. We have found that in the
chiral limit, the (@) of A7 — E°2°K* and A} — Z°K*7°
is negative, which enables us to fix Z, ambiguity in the
SU(3) fit. We have also updated decays involving K and
KY. In particular, we find that three decay channels of
AF = nata® AF - A°KTK? and EF — A%+ 70 are only
contributed by H(15), prompting the further theoretical
analysis in classification. Lastly, measurements with large
errors of channels Ef — Xtztz~, Ef - Bzl
Ef > X xtxt, and Ef - ZTKTK™ should be remeas-
ured for higher precision.
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APPENDIX: A-AMPLITUDE OF B, — B,PP'

TABLE XI. A-amplitudes of A} — B,PP'.

CF mode Ac? CF mode Ac?
APz ty0 —3(ay — a3 + as + 3ag — a; + ag) pr°K° _\/LE (2az + 2a, — a; + ag)

0 g+ 0 20,0 1
AYKFK —\/%(az—a3+a5—a7—a8) pK% %(—2a3+2a4+a7—a8)
207t 70 —2a, —2a¢ prtK~ 2a; —2ag — a7 — ag
Ozty0 % (ay + az + ay + as) nat KO —2a, —2ag — 2ag
SO0+ KO V2(ay + az + as) >ta070 da; + 2a, + 2a; + 2a, — 2as
S atat —4ay, — 4ag =00 —\% (ary + a3 + a4 + as)
E-atKt —2ag =00 2(6a; + as + a3 + a, — as)
200K * —\2as StataT 4a, + 2a, + 2a3 — 2as — 2aq
EOK 0 \ﬁ STKYK- 4a, —2as

395

EOIT+K0 —2(15 - 2(16 Z+K0]_(O 4a1 + 2@2 + 2a3
CS mode Ac;ls?! CS mode Ac7ls?!
A7OK~+ %(—az + asz +2as + a; + ag) pi’n° 1(12ay 4 2a, + 8as — 4ay — 2as — 3a; + 3as)
A°K*pO —1(=as + a3 + 2as + 6ag + a; + 5ag) prta day +2a, — 2as + a7 + ag

0+ g0 +K- — 20 — 24 — ar —
A’nTK _\/%(a2 —ay— 205 —a; + aS) pK K 401 + 2613 2(15 2a6 as ag
ZOHOK+ a, + asz — 2614 - 2a6 pKOI_(() 4(11 + 2612 + 2(13 + 2a4
SOK+,0 \/Lg (—ay — az + 2ay) nat 0 —\2ay

0_+ ~+,,0
207+ KO V2(ay + a3 + ay) nxty \/g(_zaz +2a, — 2as + ay + 2ag)
2_7T+K+ —4a4 - 2616 nK+[_(0 —2612 - 2614 - 205 - 2616 —+ ar; — dag
EKTKT —4ag Tta0K0 —V2(ay + as + 2ay)
=0 g+ 50 _ + 70,0
BOK*K 2ag =K \/%(—az —ay + 2a,)
pﬂ'Oﬂ'O 4Cl1 + 2612 - 2a5 + a; — dag 2+77:_K+ 2612 =+ 203 - 2a6
pr°n° % (=2a; +2a4 — 2as — a; + ag)
DCS mode As:? DCS mode As?
APKTKO —\/aq pr KT 2a, + a; + ag

3

SOK*KO 2V/2ay4 na’K+ —ﬁ(2a2—a7 + ag)
Z_K+K+ —4Cl4 I’ZK+1’]0 \/Lg (202 =+ 4a4 —ay =+ ag)
pa’K° % (=2a, — a; + ag) natK° —2a, + a; + ag
pK%° -1 (2a, + 4a, + a; — ag) =tKOKO 4a,

6
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TABLE XII. A-amplitudes of 27 — B,PP’.
CF mode Ac;? CF mode Ac;?
0+ 0 =0 g+ 0 -
ANn7K \/%(3a4+a8) ZYKTK 2a2+a7+a3
2z K V2(ay — ay) PK°K° 4ay
Extat —4ay >t 0K0 \/LE (—2a, —2a4 — a7 + ag)
Ezt a0 V2a, KO0 \/ié (=2a, +2a, — a7 + ag)
=0_+,.0 + -t K-
=T —\/%(2(124-&4—617-’-(18) E K 202+d7+(18
CS mode Acgls?! CS mode AclsT!
Azt 70 %[lg pr’K° —V2(a, + a3)
Azt —1(~4a; — 2a5 + 6a, + 2as + 6ag + a; + 2as) pK%° _\/g(% T as +day)
AOK+[_<0 ﬁ (402 =+ 203 + 6614 — 205 —a + ag) [77T+K_ 2612 + 2(13 - 2616
07t 70 —2a¢ — ag natK° —2ag
20zt y0 % (2asy — 2a4 + 2as + a; + 2ag) =070 4a; +2a3 —2as — a; + ag
SOK+KO % (2a3 + 2a4 + 2as + a; — ag) =t a0,0 \/ig (—2a3 + 2a4 — 2as + a; — ag)
S atat —4ag =00 1(12ay + 8ay + 2a3 — 4ay — 2as + 3a; — 3ag)
ExtKt —4da, —2ag Stata 4a, + 2a3 —2as — 2ag — a; — ag
200K+ % (—2a, 4+ 2a4 — 2as + a; + ag) TtKYK- day + 2a; — 2as + a; + ag
EOK+,° \/LE (2a, — 2a4 + 2as — a; — 5ag) StKOKO da; +2ay + 2a3 + 2ay
20rt KO —2a, —2ay —2as —2a¢ + a7 — ag
DCS mode As? DCS mode As?
AOrOK+ #5 (4as + 2a; + 4as — a7 + ag) pr°n° —\%as
AK° —3(4ay + 2a;5 + 12a,4 + 4as + 12a — a; + ag) pri°n° % (6a; +4a, + 4a; + 4a, — as)
Azt KO \/L(-) (4a, + 2a3 + 4as — a; — ag) prta” da; —2as
30,0 g+ 1(2a3 — 4ag + a; — ag) pKTK~ 4a, 4+ 2a, + 2a3 — 2as — 2a¢
20K+110 _21—\/5 (2613 + 4614 +a; — ag) pKOI_(O 401 + 2a2 + 2&3
0+ 50 | 4,0
VK %(2a3+a7+(18) nmw'n _\/§a5
S atK* —2a, nK+K° —2as —2ag
EKTKT —4day — 4ag a0k \/Li (—2a3 + a; — ag)
EOKFK? —2a4 — 2a¢ — 2ag ZHK%° —% (2as +4a, — a; + ag)
pﬂ'oﬂo 4611 - 2615 24+77,'_I(+ 2613 - 2a6 — a7 —dag
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TABLE XIII. A-amplitudes of CF mode and CS mode Z0 — B, PP.
CF mode Ac;? CF mode Ac?
A%7°KO _#g (2a, + 4a; + 6a4 + 2as — a; + ag) E070%0 % (a, + a3 + as)
AOKOy0 —+(2ay + 4a3 — 6ay + 2as — 12a5 — a; + ag) 2057040 —2(6a; + ay + a; + a, — 4as)
A0ﬂ+K_ \/La (202 + 4613 + 2(15 — a7 — ag) EOIT+7T_ —4611 - 2612 - 203
2070K0 1 (2ay + 2ay + 2as + 4ag + a; — ag) EOKTK- —4a, + 2as
ZOKO0 ﬁi (2a, — 2a4 + 2as + a; — ag) EOKOKO —4a, —2a; — 2a3 + 2as + 2ag
ZOE+K_ —% (202 + 2a5 + as + ag) pK_I_(O 2a6
E_]T+I_(O 2[14 —+ 2(16 — 2118 ni{ol_(o 4(14 —+ 4(16
b A V2a, Sta0K- V2as
==t 0 K0
= —\@(2“34'04"'617—618) z K —\@05
EiK*»KO —2a3 —+ 2a6 —daj —dag Z+JT71_<O 2615 —+ 2a6
207070 —4a, —2a, —2a3 —2ay
CS mode Ac7ls7! CS mode Ac7ls7!
A%72970 \/LE(IZal +4a, +2a3 —2as5 + a; — ag) B %K —%(2513 —2a4 —2ag + a; + ag)
Aoﬂoﬂo ﬁ (—4612 - 2613 + 604 =+ 2(15 + 6“6 —ay =+ 618) E_K+7]0 ﬁ (2613 - 2614 - 6a6 + as =+ 5(18)
A%0y° ﬁ (12a; + 4a, + 6a; — 4a, — 6as — 12a5 — a; + ag) EatK° —2a3 —2a4 — a7 + ag
Azt~ \/ié (12a, + 4a, + 2a3 — 2as + a7 + ag) E0729K° V2(ay + az + 2a, + as + ag)
0+ p— 1 =0 g 0,,0
A’KTK 76(12(11+2a2+4a3—4a5—a7—a3) KT’[ \/g(a2+a3—2a4+a5—3a6)
A°KOKO V6(2a, + ay + az + ay — as) 27K+ —2a; — 2a3 — 2as
07970 —% (4a, + 2a3 — 2as — 4ag — a7 + ag) pr'K~ V2(as + ag)
207940 % (2a3 —2a4 — 2as — 6ag — a; + ag) pK—n° —\/%(as + 3aq)
2057040 _ﬁi (12a; + 8a, + 2a3 — 4ay — 2as + 3a; — 3ag) prK° 2as
gt a~ ﬁ (—4a; —2a3 + 2as5 + a7 + ag) nnK° —V2(a, + az + as — ag)
0+ g— 1 0,0
2YKTK —75(4a1+202+a7+a8) I’lKI] _\/%(a2+a3+4a4+05+3a6)
XOKOKO —V2(2a, + a, + a3 + a4 — as) nat K- 2ay +2a3 + 2as
> atal V2(ag — ag) >tz V2aq
— 0 =0
z Tn \/%(2613 - 2(14 - 3616 + as + 2@8) z Tn —\/%(2a5 + 3(16)
27](4"»[_(0 2(13 +2a4+a7 —dag Z+KOK7 —2615
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TABLE XIV. A-amplitudes of DCS mode 2% — B,PP’.

DCS mode As? DCS mode As7?
Aoﬂ'OKO 2]—\/5 (—4a2 - 2613 - 4615 —ay + ag) EOKOKO —4a4 - 406
AOKOy0 —t(4ay + 2a3 + 12a4 + 4as + 12a¢ + a; — ag) pr i —\/§a5
3
/\0717_](+ ﬁ (4612 =+ 203 =+ 4a5 + ay + ag) pKOK_ —2a5 - 206
2070K0 1(2a3 —4ag — a7 + ag) na’z° 4a, —2as
ZOKO0 2—\1@ (2a; + 4a, — a; + ag) na'n° %aS
0z~ K+ % (=2a3 + a; + ag) ni’n° 2(6a; + 4a, + 4a; + 4a, — as)
> 20K+ ﬁ (2as + a; — ag) nata” 4a, —2as
2_K+1’]0 —ﬁ(2a3 +4a4 +a7 —ag) nK+tK~ 4a1 +2a2 +2a3
> atKO 2a; —2a¢ + a7 + ag nKYKO 4a; + 2a, + 2a3 — 2as — 2aq
E_K+I_(O —2614 — 2616 + 208 2+71'_K0 —2(,16
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