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We study the decays of the antitriplet charmed baryon state (22, EF, A7) based on the SU(3) flavor

symmetry. In particular, after predicting B(Z2

0552 7t)=(15.7£0.7)x 107> and B(Ef—E ztz")=

(14.748.4)x 1073, we extract that B(E2—AK 7", AK*K~,E"e*v,)=(16.842.3,0.45+0.11,48.7+17.4)x
1073 and B(Ef —pKIK), K 7t E0n 72" E'etr,)=(1.3+0.8,13.848.0,33.8£21.9,33.8737) x 107.

We also find that B(E2 — %, E%') = (1.71]9,8.67¢5°

10~* and B(Ef — £, =) = (284185, 13.21719

)x 1073, B(E — A%, A%') = (1.6143.9.4705°) x
) x 107, These E,. decays with the branching ratios of

0(107#-1073) are clearly promising to be observed by the BESIII and LHCb experiments.

DOI: 10.1103/PhysRevD.97.073006

I. INTRODUCTION

In terms of the SU(3) flavor (SU(3),) symmetry, the &,
decays should be in association with the A} ones as 9, E,
and A7 are united as the lowest-lying antitriplet of the
charmed baryon states (B.). Nonetheless, in accordance
with fz+ + fzo + fqo = 0.136f+ estimated in Refs. [1,2],
in which fg_qo stand for the fragmentation fractions for the
rates of the charmed baryon productions, the measurements
of the E,. decays are not easy tasks compared to the AS
ones. For example, the two-body A — B, M decays with
B, (M) the baryon (pseudoscalar meson) have been exten-
sively studied by experiments. Interestingly, six decay A/
decay modes have been recently reexamined or measured
by BESIII [3,4]. In addition, LHCb has just observed the
three-body Al — pMM decays [5], together with their
CP-violating asymmetries [6]. However, not much
progress has been made in the E. decays. In particular,
none of the absolute branching fractions in the =, decays
has been given yet. Instead, these decays are experimentally
measured by relating the decays of f — E- 72"z or 2 —
=~z and can only be determined once f o+ [7] are known.

Since BESIII and LHCb are expected to search for all
possible antitriplet charmed baryon decays, one can test
whether or not the studies of A} — B, M can be applied to
=2t 5 B, M. Theoretically, the factorization for the b
baryon decays [8-13] does not work for the charmed
baryon decays, which receive corrections by taking into
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account the nonfactorizable effects [14—19]. On the other
hand, the possible b or ¢ hadron decay modes can be
examined by the SU(3), symmetry [20-31]. Furthermore,
the symmetry approach has been extended to explore the
doubly and triply charmed baryon decays [31], which helps
to establish the spectroscopies of the doubly and triply
charmed baryon states [32], such as the to-be-confirmed
=1 state [33-38].

Moreover, to test the validity of the SU(3) , symmetry in
the antitriplet charmed baryon decays, a complete numeri-
cal analysis for the decays is necessary. In fact, the decays
of Al — B, M have been explained well by the global fit in
Ref. [30], together with the predictions of B(Ef —»Z727) =
(8.0£4.1)x 1072 and B(E2 —» A°K?) = (8.34+0.9) x 1073,
in agreement with the values of (7.2+3.5,8.34+3.7)x 1073
extracted from the ratios of B(ES - E'z)/
B(E; - E%'y,) and B(E2— A°K°)/B(E) - E-efv,),
respectively [31].

In this report, we will systematically study the two-body
weak E. — B, M decays based on the SU(3), symmetry
and give some specific numerical results, which can be
tested in the future measurements by BESIII and LHCb.
By taking the predicted B(EQ — E-z) as the theoretical
input, we will also estimate the branching ratios of
other E. decays in the Particle Data Group (PDG) [7],
which are related to 20 — Z 7.

II. FORMALISM

For the two-body antitriplet of the lowest-lying charmed
baryon decays of B, — B, M, where B, = (20, -2, A)
and B, (M) are the baryon (pseudoscalar) octet states,
the effective Hamiltonian responsible for the tree-level
c— sud, ¢ = uqq, and ¢ — dus transitions are given by [39]
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G B
Hetr = Z %Ci(vcsvudai + VchMdOi‘ + VCqusoi')7
V2

(1)

with qg = dd or 55, G - the Fermi constant, V; ; the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements, and ¢, the
scale-dependent Wilson coefficients to take into account the
subleading-order QCD corrections. The four-quark oper-

ators Oi) and O), = 0% — 0%, in Eq. (1) can be written as

[(#d)y_p(5¢)y_g £ (5d)y_s(@c)y_al,

1

2

1
0% = 5 [(#G)y_s(Gc)y_s £ (qq)y_s(lic)y_4],

1

) [(is)y_a(dc)y_n £ (ds)y_a(i1c)y_y]. (2)
where (§192)y_a=q17,(1=75)g>. By using (ViV,q,
Vcdvud’ Vcdvus) = (1’ —Ses _S%) in Eq (l) with S =
sin@,. = 0.2248 [7] representing the well-known Cabbibo
angle 6., the decays with O, 01, and O’ are the
so-called Cabibbo-allowed, Cabibbo-suppressed, and
doubly Cabibbo-suppressed processes, respectively. For
instance, of the Cabibbo-allowed decay, B(A} — pK°) =
(3.16£0.16) x 1072 is measured to be 50 times larger
than B(A — AK*') = (6.1 £ 1.2) x 1074, which is the
Cabibbo-suppressed case, whereas none of the doubly
Cabibbo-suppressed ones has been observed [7].

Without explicitly showing the Lorentz indices, the
operators in Eq. (2) behave as (g'q.q’)c, with ¢, =
(u,d,s) as the triplet of 3, which can be decomposed as
the irreducible forms under the SU(3), symmetry, that is,
(3x3%x3)c=(3+3+6+15)c. Accordingly, (O_,0,)
fall into the irreducible presentations of (O, O5z), given
by [25]

O = ~ (ids — 5dii)c, O = ~ (ads + 5di)c, (3)

N =
N =

which correspond to the tensor notations of 1/2¢"'H(6),,
and H (ﬁ);f , respectively, with (i, j, k) representing the
quark indices and the nonzero entries being H,,(6) = 2
and HP(15) = H3'(15) = 1. Note that O} and 0O’
also have similar irreducible representations, resulting in
the nonzero entries of Has3,(6)==2s,, Hy*'(15)=
—HPY(15) =5, Ha3(6) =252, and HA*'(15) = —s2
[25]. By using the bases of the SU(3), symmetry, the
effective Hamiltonian in Eq. (1) is transformed as

GF €ijl
— e —
212

where the individual nonzero entries of H(6);, and H(15)

Herr = H(6), + C+H(B)§<j , (4)

ij
k

that include O, OiF, and OQF can be presented as the
matrix forms:

0 0 0
H6)=10 2 =2s.|,
0 —2s, 252
000 0 s.1 0 —s2 —s,
H(15) = 1000 ]|,[s. 00]|.[-s2 0 0
000 1 00 —-s. 0 0

(5)

Correspondingly, the B, antitriplet and B, octet states are
written as

B. = (8. Bl AD),

L 150 +
\/(.)A—l—\/iZ z p

— 1 1 0
B, — z FATBE o | (e

[1]

The adding of the singlet 7, to the octet (x, K, 57g) leads to
the nonet of the pseudoscalar meson, given by [30],

% (7 + cgn + syn’) T K=
M = a \'/—15 (n° — copll = Syi') KO , (7)
K+ KO =S4l + cp

where (1,7') are the mixtures of (17;,7g), with the mixing
angle ¢ = (39.3 & 1.0)° [40] for (c,.s,) = (cos ¢, sin ).

The amplitudes of the B, — B, M decays via the effective
Hamiltonian in Eq. (1) appear to be A(B. - B,M) =
(B,M|Hs|B.). Since Hegr, B.(,), and M have been in
the SU(3), forms, the amplitudes of B, — B,M can be
further derived as

A(Bc - BnM> = <BnM|Heff|Bc>
Gr
=—T(B,. - B,M), 8
\/Z ( c n ) ()

with T(B, — B, M) given by [28]
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T(B, - B,M) =T(Og) + T(O)
T(Og) = arH;;(6)T*(B,),(M)]
+ a2Hij(6)le(M)§<<Bn){
+ a3H,;(6)(B,); M)JTk[

where T;; = (B,)€7%; (c_, ¢, ) have been absorbed into the
SU(3) parameters of (a;, a,, as, h) and (ay, as, ag, a7, 1),
respectively; and the 4) terms correspond to the contribu-
tions from the singlet #;. With the 7 amps expanded in
Table I, we are enabled to relate all possible two-body B, —
B, M decays with the SU(3), parameters. To compute the
branching ratios, we use the ‘equation given by [7]

|pcm | B
8amy, "

B(B, - B,M) =

)P,

(10)

where |, = /[(m3, —(m, +myy)?] (e, ~(my ~myy)*)/
(2my,_) and 7g_ is the lifetime (the inverse of the total decay

width) of B... In Eq. (10), the amplitude squared is defined by

|A(B. - B,M)|?
_ (GFViijl)z

3 T'(B, - B,M)T(B, - B,M).

(11)
Note that, since the Lorentz indices have been neglected in
the language of the SU(3) ¢ Symmetry, no contractions of the
baryon spins are needed, leading to 77(B. — B,M) =
T*(B. - B,M).

ITII. NUMERICAL RESULTS AND DISCUSSIONS

For the numerical analysis, we note that the contributions
of the SU(3) parameters (ay,as, aq, az,h') from H(15)
would be neglected based on the following reasons. First,
the contributions to the decay branching rates from H(15)
and H(6) lead to a small ratio of R(15/6) = 2 /c* ~17%
in terms of (c,,c_) = (0.76,1.78) from the QCD calcu-
lation at the scale u = 1 GeV in the naive dimensional
regularization scheme [41,42]. Second, it is pointed out in
Ref. [19] that 0$’/) belong to H(15) in the group structure
and behave as symmetric operators in color indices,
whereas the baryon wave functions are totally antisym-
metric, such that the mismatch causes the disappearance of

TABLE I. The T amps of the B, — B, M decays.
=9 T amp
DK ey 250
z°K° —V2(ay + a3 — %54)
E'n’ —V2(a; — a3 — %5 a5)
=n V2ed(ay — a3 + 2 + w40
—2s¢p(ar + h + @TMI)
EO’?’ \/§s¢(a1 —ay+2h+ a4+a5+2h’)
+olar + h+ 37
Bt 2(a; + 43%)
A’k \/(Zal — ay — a, + sty
T 2(ay + 5 )s
Tr e+,
20z —(ay + a3 — V=305,
0y (—cd(a) + ay + 2h + a4+a5—a3+a7+2h’)
~V2s¢laz = h = “5")]s,
D (—sp(ay + ay +2h + a4+a5—a3+a7+2h’)
+\/§C¢(fl3 —h =405,
ST 20+ s,
pK~ 2(ay + ”“+“7) Se
E°K° 2(ay — ay — a3 +“57)s.
nkK° —2(a) — ay — a3 +=54)s,
A0z0 \/g(m + ay = 2a + STty
A% [@ (a) + ay — 2a + 6h + 3a4+u5+c;6+a7+6h’)
—@ (2a; +2a; —az +3h + 72”5_““22“#3”)]%
A% 2% (a) + ay — 2ay + G + Mutastasrar 6y
\/a"‘b (2a; +2a, — a3 +3h + 2“5_%2“7%”)]50
- —2(a Jr a4+a7)sg
KT —2(a +45%)s2
'K’ V2(a + “52 g5t
nz® V2(ay Q)52
& [—V2ch(a, — 20 + =4=21)
+2s¢p(a; —a3 +h+ aﬁh oty s2
iy [—V2s¢(ay — 2h +4=4= 2’“)
el —as + h+ )2
A°K® —\/%(al —2a, —2as + 7a5+a§_2“7)s%
Ch T amp
KO —2(a; — 45%)
2zt 2(ay + 45%)
0+ V2(ay - ay + Gtstaste)
>+ 70 _\/i(al —a, — a4+a5;a6—a7)sc
' [V2eh(ay + ay + 2h — “ttstata=all)
+2s(az = h = “50)]s,
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TABLE 1. (Continued)

=+
g/ T amp

=ty [V2s¢(ay + ay + 2h — “teattetar=all
~2e(az — h—T")]s,

B0k 2(ay + a3 + “5%)s,
pK° 2(a) — a3 + “5%5)s,
0+
Ar \/Z(lll +a, — 2a3 _ 3a4+a52+ab+a7)sc
2K V2(a) - 4552
2+K’0 2(a1 as#z»aé)sg
pr’ V2(ay +454)s?
P [v2 C¢(—a2 +2h + Stetiy
+2s¢p(ay — as + h — 2,
pl’]/ [\/§s¢(—a2+2h+%ﬁ2h/)
~2cg(ar — az + h == )]s,
nzt 2(ay — ")z
0+
A’K %(al _202 —203 _a5+a3—2a7)s%
AL T amp
Xort —V2(a; = ay — az = “3%)
Z'a V2(ay —ay — a3 - “37)
' V2eh(—ay —ap + as — 2h + 7‘15“’;’2",)
+sp(—ay +2h = 1)
S \/§2s¢ (—ay — ay + as — 2h + 4Tty
—cp(—ay +2h — 1)
20K+ —2(a, — %ty
pK° —2(ay — 9fte)
0+
VANS 4 _\/%(al +a2 +a3 _a572;f,+a7)
=K ~2(a; - ay — 555,
SOK+ —V2(a; - a3 — “5%)s,
p][o _\/_(az + as — G~ a7)
P [V2ec¢(ay —asz + 2h + 7‘1“_“;_2"/)
+25¢p(—a; —h + W)}SC
pn/ [\/§s¢(a2—a3+2h+a" az— 2h)
astastag+h'
_QCV,( —h+ %)]SC
nat —2(ay +a; - M;‘h)sc
0+
AK _\/%(al _ 26{2 + as — 3u4—a5+22u(,+2a7)sc
PK° 2(ay — 2t 52
nkK+ —2(as + Ytds)2
cy O(j‘/) in the calculation of the nonfacotrizable effects,

which are regarded to be significant in the charmed baryon
decays. Note that, even though the single ignoring of H(15)
is viable, a possible interference between the amplitudes
with H(6) and H(15) may be sizable to fail this
assumption, which will be tested in the fit. Hence, being

from H(6), the parameters (a,, a,, a3, h) in Eq. (9) are kept
for the fit and are, in fact, complex. Since an overall phase
can be removed without losing generality, we set a; to be
real, such that there are seven real independent parameters
to be determined, given by

ay, ayes  aye®s | he'dn, (12)

We use the minimum y? fit for the determination, given by

Bi —Bi\2 Rj—Rj 2
2 th ex th ex
= V(B P )T N (L T Rex )T g3
F=X () () o

X

where th and R{h stand for the separated decay branching
ratios and the ratios of the two-decay branching fractions

from the SU(3) amplitudes, while Bi, and R, are the
corresponding experimental data, along with 6%, and o’y

the 1o uncertainties, respectively. With the ten experimental
data in Table II, the global fit results in
= (0.244 £ 0.006,0.115 4+ 0.014,0.088
+0.019,0.105 £ 0.073) GeV?,
(84,2042 6) = (78.1+7.1,35.1 £8.7,10.2 +29.6)°,
y*/dof=532/3=1.77, (14)

(‘11, a, ds, h)

where d.o.f represents the degree of freedom. The numeri-
cal values for the parameters in Eq. (14) are the theoretical
inputs, which are used to predict the two-body B, — B
decays in Table III.

Since the value of y?/d.o.f ~ 1.8 in Eq. (14) indicates a
good fit, there exists no inconstancy by neglecting H(15) in
our analysis. Note that the determinations of |a;| and |a,|
depend on T(A} — pK®) = —2a, and T(A} — E°K*) =
—2a, in Table I, respectively, by ignoring (as + a¢) and
(a4 + a7), associated with H(15). Similarly, one can extract
las| based on T(Ef — E%z") = 2a;5 + (as + ag) ~2a;.
Consequently, we get

TABLE II. The data of the B, — B, M decays.
Branching ratios Data [4,7]
10°B(A - pK?) 3.16 = 0.16
10?B(Af - Ax™t) 1.30 + 0.07
102B(Af — =+2%) 1.24 +£0.10
102B(Af — =0727) 1.29 + 0.07
102B(AF - E°K™) 0.50 +0.12
10213(/\+ ) 0.70 £0.23
10*B(Af — AK™) 6.1+1.2
10*B(Af - Z°KH) 524038
10*B(AL - pn) 124 £3.0
R — B<~ —>/\K°> 0.420 4+ 0.056
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TABLE III. The numerical results of the B, — B, M decays
with By ), = B(B. — B, M), where the number with the dagger
(F) is the reproduction of the experimental data input, instead of
the prediction.

TABLE III. (Continued)

0
c

—
=
=

Our results

Reference [43]

10° By x- 35409 3.1+09
103 Bsogo 47412 46+ 1.4
10° Bzo o 43+0.9 0.7-18.1
10383”11 1757

10° Bz, 8.67,%0

10°Bz-,+ 15.74+0.7 224+34
10°B oo 83409 9.4+ 1.6
10*By+ - 20405

10*By- 5+ 9.0+ 0.4

104620”0 32+03

10*By, 3.6%0%

10*Byo, 17579

10*Bz- g+ 7.6+ 04

10*Bzogo 63+1.2

10*B, k- 2.1+05

10*B,, zo 79+14

10*B 0,0 02+0.2

10*By, 16553

10°Byo, 9.41110

10°8,,,- 121+£3.1

10°By- g+ 44.5+2.1

10°Byogo 223+ 1.0

10°53,,,0 6.0+ 1.5

10°8,, 26.5"101

10°8,, 30.75553

1066A0K0 144 +£3.7

B Our results Reference [43]
103By: o 8.0+£3.9 0.1-102.2
10°Bgo .+ 8.1+4.0 1.2-96.8
10* By, 18.5+22

10*Bg+ 0 18.5+£22

10*By+,, 28.4783

10*By+y 13.24710

10*Bzog+ 18.0 +4.7

10B ko 20.3+£4.2

10*Br0,+ 1.6+£1.2

105 Bgog- 8.8+ 0.4

10° By go 17.6 £0.8

10°B 0 23.8£6.1

10°8,, 10.5543

(Table continued)

(Chy Our results Reference [43]
10°B,,, 12,1587
10°8,,,+ 47.6 £ 12.2
10980+ 56.8 4+ 14.5
A Our results Reference [43]
10°Bgo .+ (1.340.2)° (1.27 £0.17)f
103Bg: 0 (1.3£0.2)" (127 £0.17)°
10°Bs+, (0.710)7
10?By+ 1.0%¢
10?Bzog- (0.5 +0.1)° (0.50 £ 0.12)f
1028 ,xo (3.340.2)° (2.72 — 3.60)"
10280+ (1.3£0.2)" (1.30 £0.17)"
10462*1(0 8.0£1.6
10*Bgog+ (4.0 +0.8)"
10%B,,0 57+15
10°B,, (1255381
10*B,,,/ 12.253%°
104B,,,+ 113429
10*Bog+ (4.6 +0.9)°
108, ko 12246.0
1098, ¢+ 1224 6.0

RoB(Af = pK®)=B(E) - E-27) = (15.74£0.7) x 1073,
RyB(Af - EK+)=B(E) - XtK")=(0.4£0.1) x 1072,

BES - K% =B(Ef - Z%) = (8.14+4.0) x 1073,

(15)

without the contributions from H (15), where Ry=7z0 /75 =

0.56+0.07. To check if the H(15) terms are indeed
negligible, we may use the relations from Table I, given by

T(Af - pK®) + T(E) - E=7") = 2(as + aq),
T(Af - E°%KT) + T(E) - ZtK™) = 2(ay + a7),
TES - B2+ T(EF - =K% =2(ay + ag).  (16)

Clearly, if the results in Eq. (15) do not agree with the future
measurements, the contributions from H(15) should be
reconsidered as seen in Eq. (16).

According to the PDG [7], the branching fractions in the
29 decays are observed to be relative to Bg, =
B(E? - E-xt), predicted in Table III. Hence, by using
the partial observations of B(E)—AK-zt)=(1.07+
0.14)Bz-,+, B(E2 - AK*TK~)=(0.029+0.007) Bz-,+, and
B(E - = e*ye) (3.1 £ 1.1)Bz-,+, we obtain
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B(E2 - AKznt) =
B(E — AK*K-) =

B(E) - B ety,) =

(16.8 £2.3) x 1073,
4.5+ 1.1) x 107,
(48.7 £ 17.4) x 1073, (17)

Similarly, the branching fractions in the ZF decays are
measured to be relative to B(Ef — E~z "z "), which has not
been theoretically and experimentally studied yet. With
BE; - E%")/B(ES -» E=atzt) = 0.55+£0.16 [7] and
B(Ef — E%") in Table III, we find

Bz =BES > B nta")=(147£84)x 1073, (18)

Subsequently, the relative branching fractions of B(Ef —
pKYK?)=(0.08740.021)Bz-»,+, BEf->Z K zt)=
(0.9440.10)Bz-»,+, B(EF—>E22%)=(2.3+£0.7)Bz-2,+
and B(Ef — Elety,) = (2.3104)Bz-2,+ [7] lead to

BE! - pKIK?) = (1.34+0.8) x 1073,
B(Ef - K 2") = (13.8 £ 8.0) x 1073,
B(ES - 5% 2% = (33.8 £21.9) x 1073,
B(Ef — Eo%*u,) = (33.813%) x 1073. (19)

By adding the 4" terms, we are able to include the
contributions from the singlet 7, in the SU(3) ; amplitudes,
which have been used to explain the observations of B(A} —
¥*n) and B(A}f — pn). Nonetheless, the estimations of
B(Af = ZH(p)n') 2 B(Af - ZF(p)n) [30] show no
inequality as B(B— Kn')>B(B—Kn) or B(B— K*n)>
B(B — K*n'). On the other hand, it is interesting to note that,
despite of the large uncertainties, the =, — B,;") decays
contain the similar inequalities between the 7 and 1’ modes,
given by

B(E2 — E%,E%) = (1.75{7,8.6745%) x 107,
B(E? — A%, A%') = (1.675.9.4745°%) x 1074,
B(E: —» Ztn, Ty) = (28.4182 13272 x 107*. (20)

We remark that, as shown in Table III, our numerical
results for the Cabibbo-allowed processes are consistent

with those in Ref. [43], where B(B, — B,K°) are taken
from B(B. — B,K?). Finally, we emphasize that there
is a discrepancy between the theory and data for
B(Af — pa®). In Table 111, B(AF — pa°) is predicted to
be (5.7 & 1.5) x 10~*, whereas it is measured to be less than
3 x 10~* [4]. Nonetheless, the estimation in the factorization
approach also gives B(Af — pa°)=f2/(2f%)s?B(Af —
pK°)=(5.5£0.3)x10"* to be as large as our SU(3);
prediction in Table III, with the experimental input of
B(Af = pK®)=(3.1640.16)x 1072 [7]. Clearly, to resolve
this inconsistency, it is necessary to remeasure the decay of
A} — pr° in the future experiment.

IV. CONCLUSION

With the SU(3), symmetry, we have studied the two-
body antitriplet channed baryon weak decays. We have
predicted that B(EY - E-27) = (15.7+£0.7) x 1073 and
B(Ef - E ntat) = (14.7+£8.4) x 1073, while the branch-
ing ratios of the Z and Ef decays are measured to be
relative to B(E — E-zt) and B(Ef — E-xtz™), respec-
tively. Hence, we have extracted that B(E)—AK 7™,
AKTK™,E er,)=(16.8+2.3,045+0.11,48.7+£17.4) x
1073 and B(E — pK'K?, 2 K2t , B 2%, B0 ty,) =
(1.34+0.8,13.8 £8.0,33.8 £21.9,33.873)7) x 1073, In
addition, we have shown that B(Z) — 2%, E%') =
(1.759,8.645%) x 1073, B(EY— A%, A%")=(1.61,3,
9418 x10™, and B(Ef - Tty Tty) = (28.4133,
13.2J_r12f'8) x 1074, representing the inequalities, similar to
those of B(B — Kn') > B(B — Kn) or B(B — K*n) >
B(B — K*f) in the mesonic B decays involving ;).
According to our predictions, the branching ratios of
two and three-body E,. decays are accessible to the experi-
ments at BESIII and LHCb.
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