Eur. Phys. J. C (2019) 79:946
https://doi.org/10.1140/epjc/s10052-019-7467-z

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Up-down asymmetries of charmed baryon three-body decays

Jian-Yong Cen', Chao-Qiang Geng'2->2, Chia-Wei Liu?, Tien-Hsueh Tsai?

! School of Physics and Information Engineering, Shanxi Normal University, Linfen 041004, China
2 Department of Physics, National Tsing Hua University, Hsinchu 300, Taiwan
3 Physics Division, National Center for Theoretical Sciences, Hsinchu 300, Taiwan

Received: 2 October 2019 / Accepted: 6 November 2019 / Published online: 19 November 2019

© The Author(s) 2019

Abstract We study the up-down asymmetries in the three-
body anti-triplet charmed baryon decays of B, — B,M M’
with the SU(3) r flavor symmetry, where B, presents the
anti-triplet charmed baryon of (E?, —E}, A}), while B,
and M) denote octet baryon and meson states, respec-
tively. By assuming the s-wave meson-pairs to be the dom-
inant constituents in final state configurations, we can write
the spin-dependent decay amplitude into parity-conserving
and parity-violating parts, parametrized by 6 real parame-
ters under SU (3) 7, respectively. Fitting these parameters by
16 experimental data points with the minimum x2 method,
we obtain that x2/d.o.f = 2.4. With the fitted parame-
ters, we evaluate the up-down asymmetries along with the
decay branching ratios of B — ByMM’. Some of these
up-down asymmetries are accessible to the experiments at
BESIII, BELLE-II and LHCb.

1 Introduction

The three-body charmed baryon decays of B, — BaM M’
have been recently searched by the experimental Col-
laborations of BELLE, BESIII and LHCb, where B, =

8%, —2F, A) denotes the charmed baryon anti-triplet,
while B, and M©) correspond to the baryon and meson
octets, respectively. In particular, the golden mode of A" —
pK 7" has been measured with high precision by BELLE
and BESIII [1,2], which can improve the accuracies of other
A decays which are usually given by the rates relative to
it [3]. Since the decay branching ratio is a spin-averaged
observable, it loses the ability to probe the polarization prop-
erty of the parent or daughter baryon in a baryonic decay. On
the other hand, several P and CP or T violating spin correla-
tions can be constructed due to the rich spin structures in the
three-body baryonic decays. In order to understand the full
dynamics of decay processes, a systematic study, which has
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been done in two-body modes [4], on both branching ratios
and up-down asymmetries, also known as daughter-baryon
spin polarizations, in the three-body charmed baryon modes
is necessary. In this work, we only concentrate on the P vio-
lating up-down asymmetries in B, — B M M’, which have
not been examined both experimentally and theoretically in
the literature yet.

However, it is known that the investigation into the charm
baryon decays has always been difficult. The main reason for
this is that the scale of the charm quark mass is too large for
the flavor SU (4) r symmetry, so that the heavy to light quark
transitions (¢ — ¢) in charmed decays cannot be easily
calculated. Moreover, the factorization method fails in these
decays [5], in addition to that the three-body processes are
much more complicated than the two-body ones. The alter-
native approaches for the charmed hadron decays have been
shown in Refs. [6—13], where the non-factorizable effects are
taken into account. On the other hand, the SU (3) y symme-
try has been tested as a useful tool in the charmed hadronic
decays [4,14-28].

In order to study B, — BpMM’, we assume that the
final state configurations of the meson-pairs are dominated
by the s-wave ones, so that the three-body system can be
treated as an effective two-body one with an off-shell scalar
meson [25] to analogize the three-body semileptonic decays
of charmed baryons [27]. Similar to the discussions on the
up-down asymmetries in the two-body decays of B — B, M
in Ref. [4], we define the spin dependent decay amplitudes in
terms of parity-conserving and violating parts under SU (3) 7,
respectively, resulting in 12 real parameters to be fitted with
16 available data points. In our study, we also consider the
the kinematic correction factors as in Ref. [25] to keep the
triangle relations derived in Refs. [18,25,29], but break those
by the U-spin symmetry [30] due to the large differences of
hadron masses.

This paper is organized as follows. In Sect. 2, we give
the formalism and display the explicit amplitudes for the
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three-body charmed baryon decays of B, — By M M’ under
the SU (3) y symmetry. In Sect. 3, we present our numerical
results and discussions. Our conclusions are shown in Sect. 4.

2 Formalism

In order to study the up-down asymmetries of the three-body
B. — By, M M’ non-leptonic decays, we start with the charm
quark decays of ¢ — siid, ¢ — udd (uss) and ¢ — diis at
tree-level with the effective Hamiltonian, given by [31]

GF
Hepr = Z ﬁcl[vcs Ods

i=—+
+ Vea Vg O + Vea V) 0“1} (1)
with
1. _ _ _ _
04" = 3 [(@g1)v-a(@20)v-a £ (G291))v-a(ic))v_a].
01" = 04’ - 0¥, 2

where G is the Fermi constant, c+ represent the Wilson
coefficients and (Ves Vud, Vea Vud VeaVus) = (1, —tc, —t2)
correspond to the CKM matrix elements with ¢, = cos6,,
t. = sin6./cos6. and 6. the Cabibbo angle. Here, the
relation of V. V,; = —V.4V,q has been used to combine
the ¢ — udd (us5) transitions, (71g2)y— A@c)v_ 4 =
G1Yu(1=y5)q2 g3y * (1 —ys)cin 04" and 0 are the four-
quark operators, and the decays of 0£ 7 and Oi are
so-called Cabibbo-favored (CF), singly Cablbbo-suppressed
(SCS), and doubly Cabibbo-suppressed (DCS) processes,
respectively.

In Eq. (2), the flavor structure of the four quark operator
(§192)v—a(g3¢) v —a canbe rewritten as (' g g’ )c withg; =
(u, d, s), which is the triplet of 3 under the SU (3) y symme-
try, where the Dirac and Lorentz indices are suppressed for
simplicity. Since (¢'grg’)c can be decomposed as the irre-
ducible representations of (3 x 3 x 3)c = 3+3'+6 +15)c,
one can derive that [14,15]

1
~ 0% —(uds + sdi)c,

0+( ) = 156) 2
1 - 1
49 19 _ L5 N P
0_(+) 015(6) 2(udd +ddn)c 2(MSS + ssi)c,
1
0%y = Of5 ) = 5 (lisd £ dsii)c. 3)

Consequently, the effective Hamiltonian in Eq. (1) has the
expression under the SU (3) y symmetry, given by [19,20,22—
24]

GF |: 6iﬂ

ey = 5 |- HOW + e H(S)! } c, @
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where (i, j, k) are the flavor indices, while H(6) and

H (15) are symmetric and anti-symmetric flavor tensors of

O(qu qq)
6,15

[14,15]

00 0
H©O)jj =c2[0 2 2t |,
0 21, 242

in Eq. (3), with their non-zero entries given by

respectively. The three lowest-lying charmed baryon states of
B, form an anti-triplet of 3 to consist of (ds —sd)c, (us —su)c
and (ud — du)c, and B,, and M belong to octet (8) states of
the baryon and meson, which are written as

=0 —
BC = (c‘(;a _:‘j_’ Ar)v

A+ 5= - g
B, — »t A - 5208 ’
p n —\/gAO
% + % b4 __
M = at —LZJTO—I—ﬁn KO , (6)
K+ KO _ %77
respectively.

In the NDR scheme, the Wilson coefficients of (c_, c)
are found to be (1.78, 0.76) at the scale of u = 1 GeV [32],
resulting in that the amplitudes associated with H (15) are
suppressed due to the value of (c_/cy)? ~ 5.5. In addition,
the nonfactorizable contributions to the decays from H (15)
are zero due to the vanishing baryonic transition matrix ele-
ments from 15 [13], while the factorizable are found to be
small in most of the modes [24]. For the three-day decay of
B, — ByMM’, in this study we only consider the s-wave
meson-pair in the final-state configuration, regarded as a off-
shell scalar particle inspired. As a result, the spin dependent
decay amplitude can be simply written as

M@Be - BaMM') = (BaMM'|H,fr|Be)
= iup,(A — Bys)us, (N
where ug,, are Dirac spinors of baryons, while A and B
correspond to the parity conserving and parity violating pro-
cesses, which can be represented by SU (3) irreducible ampli-
tudes, given by
AB. - B,MM")
= a1(B,){ (M)} (M);,, H (6) jx T

+ay(B,); (M) (M), H(6)uT"

+a3(B,)f (M)} (M), H (6) i T"

+as(B,); (M) (M)} H (6)1,, T
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Table 1 A-amplitudes of A} — BaMM’

CF mode A CS mode At DCS mode At?
7070 day + 2ar + 2a3 + 2a4 — 2as »tr0g0 V2ar + ﬁa3 +22a4 »t+KgOKO day
Stata- day + 2ay + 2a3 — 2as — 2ag Str-K* —2ap — 2a3 + 2as SOKOK+ 2+/2a4
$+KORO 4ay + 2ay + 2a3 $HKO0 Yoo | oy _ 2Ga TKtKt —4ay
StKTK~ day — 2as 07+ g0 —faz — fa3 — Zﬁa4 pnOKo —ﬁaz
2Jrn()no day + 2a2 + 2az + 2u4 _ 2% ZOKJrnO \/2‘12 + \/?;03 _ 2J3§a4 pn KT 2an
50707+ —2a4 — 2a¢ > atKkt 4ay + 2ag pKOn° f@ - M%
SO0 +KO V2as + v 2a3 + 2as prO70 —4a — 2a + 2as nn0K* —2a,
S atat —day — 4ag prn° 2‘/;“2 - 2‘/3‘%4 + Z?HS nrtK° —2ap
2070+ —2as prtmT —4a; — 2a + 2as nK+tn° @ + @
207+ k0 —2as5 — 2ag pKtK~ —4ay — 2a3 + 2as5 + 2ag
=-gtK+t —2ag [7770'70 —day — 2a2 _ 8a3 + 4a4 + 2(45
KO —V2a3 — \ay nt P 2«/36142 _ 2J€a4 + 2f6a5
prtK 2a3 — 2ag nK+tK° 2ay +2a4+2a5 +2a6
20,0 ~/3a ~/5a 0.0+ VBay  3az _ 2/3as
PK™n B A’ K B S
nntK° —2a4 — 2ag AVt KO @ _ @ _ M%
Al 0 oy 22 g AOK 0 —% + 9+ 28 4 2
0 g+ 0 N V6az _ +/6as
A"KTK S T T
Table 2 A-amplitudes of EF — B,M M’
CF mode A CS mode At DCS mode At?
Ttk —2a3 — N 2ay 2070 —day — 2a3 + 2as »+r0k0 —2a3
StrtkT 24 2 +70n0 Wia _ 2w W StroKt 243 —2a
=+ KO0 — Y Yo Statae —4a) — 2a3 + 2as + 2aq =EK° Yo s
>0zt KO V2ay StKYK~ —4ay — 2ay + 2as 00K+ az — 2ag
20707+ V2ay =+tn090 —4ay — 8“2 — 2‘“ + 4““ + 2“‘ >0z +K0 V2as
':071’+770 _2«/36a2 _ x/fgcm 207{071’+ 2a6 EOKJrT]O _\/?3 _ 2\/3304
KR —2a 205+ 0 ~2a y W s Atk —2a
B atnt —4ay SO0g+KO —ﬁa3 — ﬁa4 — ﬁas 200K+ —2a4 — 2ag
pKOK© day Sttt 4aq E-KtKT —4ay — 4ag
AV7 KO V6ay E070K+ V2ay — V2as + 2as prOn0 4a; — 2as
B0t KO 2ap + 2a4 + 2as5 + 2a¢ prOn0 —2“[%
EOK*n0 ——@”2 + —“/2“4 — —@“ prta~ 4ay — 2as
B atKt 4ay + 2ag pKOKO day + 2a> + 2a3
prOKO V2ar + 2a3 pKYK— 4ay + 2ay + 2a3 — 2as — 2ag
prtK —2a, — 2a3 + 2ag pn°n° da; + 8“2 + 8”3 + 8‘3‘*4 _ 2%
PO «/gaz + «/gaz + 4«/35114 ntn® _2~/35a5
nnt KO a6 nKtKO —2as5 — 2ag
AO]T+7]0 74%,2&+2a +2ﬁ+2a6 AOJTOK+ 2\[%4,@4,2‘[%
AOK+K0 _2\/36612 _ 6611 fa 4 6115 AO7T+K0 2\/3602 + «/§a3 4 2\/36115
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Table 3 A-amplitudes of 0 — B,M M’
CF mode A CS mode ATt DCS mode Ar?
str0K— V2as Sta07— —2ag str-KO —2ag¢
str—KO 2as + 2ag E+n_n0 M% + \/6(16 $070K0 — 2ag¢
SHK 0 —Yoas SHKOK—  2as $O0r-K+ a3
0700 ar + a4 + as + 2ag 507070 2\f2a1 + ﬁa3 — ﬁa5 — 2ﬁa6 EOKOnO @ + @
SO0rtk- —2ay — +/2as 2057050 —@ + @ + @ + /6ag > 70kt V2az
»0K0y0 @ — @ + @ SO0ptg— 23/2a; + V2a3 — 2as > ntKO 2a3 — 2ag
S TR 2a4 + 2ag NOKORO V2Qay + as + a3 + ag — as) n-K+y0 — S 2Gey
207070 3o | Wia | 2 SOKYKT 2v2a) + V2a EOK K° —4as — 4ac
20rtr— —4a; —2ar — 2a3 %0050 V2Qa; + 4a2 +% - 2% -%) E KKkt —2ay4 — 2ag

E9K°K®  -2Qaita+ta oAt —Vag o’ -

—as — ag) ) n*no —2‘(# + 2‘[% + \/6a6 KOK* —2as — 2ag
E0KTK~ —4a; + 2as »-KtKO —2a3 — 2ay 070 4a; — 2as
E%50n0 —2Qar+%+% Cht 2 G 2ay + 2a3 + 2as nm%n° @

+% - 4"5) BOK 0,0 Vo(-% -4+ zﬂ - % +ap) nwto~ 4ay — 2as
E-nl0xt V2ay E-n0K+ Va3 — fa4 - faG nkK°KO 2Qay + ar + a3
E-ntyl —M% — @ E-xtKO 2a; + 2ay —as — ag)
E-KTKO —2a3 + 2ag prVK —2as — 2ag nKtK— 4a; + 2ar + 2a3
pK—KO 2a6 pr— KO —2as 00 day + 32 4 3
nKOKO° 4as + 4ag pKn° @4—%% +8%—2%

AO7OKO V32 +X ta+%) an'K° V2a; + V2a3 + 2as — \2a AO7OKO V3032 + % 4 2
Aoxtk— Loy ey Vo nat K- —2a; — 2a3 — 2as A=kt V(R + %+ %)
nKOn° V(% + %+ %+ % +ap)

A% V6(—2a; — 22 — 4 1 %)

A%7% V23 + % —ay— % — ap)

Aozt Vo(=2a) - % -4 +%)

AYKOKO f(—Zal —az—a3—a4+a5)

AKYK™ Jo(—2a) — @ — 2 4 2
AP f(*zalfz%*%Jrz%
+as + 2ae)

+ as (]_Sn)f{(M )’}1(M );H (6)i T vor structure and Bose statistics, whereas the p-wave ones
tag (]—3”)2 ( M);f’ ( M)f H6)in T, are dpmlnant, lF:adlng to a dlffe?ent set qf Spl.ll dependent
amplitudes, which will not be discussed in this study. For

B(B. — B,MM") example, the decay of A7 — An*7? with the measured
= AB. - B,MM"){a; — b;}, (8) branching ratio around 7.1% is predicted mainly from the

respectively, where T = €% (B)x. We note that since CP
violating effects in the charmed decays are negligible, the
parameters of @; and b; can be taken to be relatively real
[33,34], so that there are totally 12 real parameters in the
SU(3) y irreducible amplitudes of Eq. (8). Here, we have
also assumed that the final state interactions can be ignored.
We remark that there are some cases in which the contri-
butions from the s-wave meson-pairs vanish due to the fla-

@ Springer

contribution of the p-wave meson-pair. The explicit expan-
sions of A(Af — B,MM'), A(E}f — B,MM’) and
A( — B,MM’) are presented in Tables 1, 2 and 3, while
those of B(Be — B, MM’) can be found by replacing a; in
A(B¢ — B, M M’) with b;, respectively.

The differential decay width with an unpolarized B, and
up-down asymmetry « in B — By M M’ are given by
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Table 4 The data inputs from

Refs. [3,35-38] and Data Our results Data Our results
rgé’;\"f‘fig‘sﬂ;";@ 10°B(AF — pK—nt) 34404 34+05  1028(AF — pKOn) 16404 07401
¢ " 103B(A}F — A°K+K®)  56+£1.1 58+1.0 10°B(Af - =+t7%70) 13401 13+£02
102B(AF — A%zt 1.8+03 17403 10*BAf - pKktr™)  1.0£0.1 1.0+0.1
102B(Af — trtn™) 44403 45403 10°B(EF - 8 7fnt) 47417 54413
102B(Af — S~wtxt) 19402 1.9+03 10°B(E? - A°K—z+) 19406 22406
10°B(Af — 207+7%  22+£08 1.0+0.1 10°B(EY — A'K—Kk+) 52+£19 62+£12
103B(A} — StK+tr™) 21406 25+03
10°B(A} — 2= K*nt) 62406 6.140.8
103B(AF — pr—nt) 42404 47404
10°B(A} — pK~K*t) 52412 50%+1.2
Table 5 Fitting results for a; and b; in unit of GeV? — 2R e(S* P) (10)
a; Result b; Result |S|2 + |P|2 ’
ai 92407 by 183+09  Tespectively, where
a —3.7+0.5 by —98+24
a 73404 bs 44421 S—A P— \/(ch — mg,)? —m3; B = k(mly)B, (11)
as 23£04 by ~5.4+29 (mp, +mp,)? — m3;
as 115+1.3 bs 38.8+22
as —3.7+0.2 be 127423  withmiy = pp, + pur, maz = py + py and k*(m3;) =
((mp, —mp,)* —m33)/(mp, +mp,)* —m33). In general, A
and B in Eq. (8) depend on m%z and m%3. However, we can
5 5 % = - assume them to be constant when the non-resonant contri-
dl' = ! 3 S+ P17+ 2Re3(S P)stn - Py dm3,dm3;,  butions are excluded. Consequently, the decay width I and
@2m) 64my, averaged up-down asymmetry (&) can be derived as follows:
9
" P, [, 4G pn =0+ G o, =1
o _ AT Gan Py = 1) = dT G- o, = —1) :/ / L ISELIPE 2 g, (12)
dT (Spn - Py = D) + dT (g - pBy = —1) my Jmdy 2007 32myy
EE’\'; 6_)%3;%3; results for CF mode 1038 CS mode 10*B DCS mode 10°8
»tr0y0 6.6+34 »tr0K0 99+238 »tKOKO 13405
»+tKOKO 29+0.7 x+tK0y0 0.26 +0.06 SOKOK+ 1.3+£0.5
StKtK— 25403 200K+ 78423 S-KtKt 13405
DR (32404) x 107* »0rt KO 9.6+£2.7 prOKO 50+6
»07+p0 63+32 0K +5y0 0.13 £0.03 pKOn° 3.3+2.7
»OK*TKO 0.26 +0.09 prOx0 2442 nrOK+ 5146
2070kt 3246 prOn0 34+7 nrt KO 99 + 11
207+ KO 44 +38 pKOK©° 37+8 nK+tn® 34427
prKO 23+4 pn°n° 28+1.2
nnt KO 11+1 nwtn® 67 + 13
nK+tKO 31+£9
AO7OK+ 35+6
At KO 67+ 11
AOK+p0 0.45+0.10

@ Springer
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Table 7 Numerical results for

B(E+ - BaMM') CF mode 1028 CS mode 10°8 DCS mode 10*B
»*tr0K0 20+1.3 »+t7090 5341.1 »t+r0K0 2.6+02
startk— 54405 stata- 59415 str-Kkt 14403
»tK%° 0.30 +0.09 »tKOKO 43+0.9 =tKOy0 0.020 +0.014
»0rtKO 0.95+0.21 TtKHK- 0.58 £ 0.09 070K+ 0.076 % 0.059
20707+ 15403 =700 0.31 £0.09 07 +K0 25+02
207 ty0 1.14+0.3 207057+ 79+ 14 0K +y0 0.010 £ 0.007
20Kt KO 0.34 +0.06 20 t+y0 51+1.1 T atKt 1.340.1
B atat 57+1.3 »OK+KO 15405 BOKOKT 0.030 £0.019
pKOKO 3.7+0.9 S atat 1643 E-KTKT 0.057 £ 0.032
Aozt KO 3.8+0.9 2070k + 3.6+0.8 prn? 72+1.8

207t KO 84425 prn0 1142
EOK+p0 0.42+0.13 prta= 14+4
prOKO 19+3 pKOKO 77+1.7
prtK- 2743 pKTK~ 1.6+12
nrt KO 92+2.0 pn°n° 0.93 +0.45
Adyrty0 15+3 ntn® 21+4
AOK+KO 5.840.8 nkK+tKO 16 £3
AOrOK+ 50+1.0
APt KO 9.7+£2.0
AOK+y0 0.90 +0.22

and

fmfz fm§3 dT (5Bn - P8, = 1) —dT'(Sgn - pB, = —1)

Ju2, S, AT Gon - pB, = 1) + dT Gpn - p3, = —1)’
(13)

(o)

3 Numerical results

In the numerical analysis, we perform the minimum x?2 fit to
obtain the values of ¢; and b; in in Eq. (8) under SU (3)  for
the B — B, MM’ decays. The x? fit is given by

x2=2<

i

i i 2
SUQ3) data
i b
Odata

where BfYU (3 Tepresents the i-th decay branching ratio from

the SU (3) y irreducible amplitude, Béam stands for the i-th
experimental data, and a{;am corresponds to the i-th exper-
imental error, while i = 1,2, ..., 16 for the 16 measured
modes in Table 4. Using sin 6, = 0.2248 [3], one gets that
t. = 0.2307 in Eq. (9).

We now discuss our data input sections in Table 4. First of
all, we exclude the resonant contributions from all the data

(14)

@ Springer

in the table. In particular, we use the non-resonant data of
Aj‘ — pK~n™ from the PDG [3]. In addition, we pick
up the data for A7 — pK~ K+ and B — A'K—K*
without the contributions of the resonant process of ¢ —
K*K~. For the other A} decays, their resonant contri-
butions can be taken to be small so that they are insensi-
tive to our fitting results, such as B(Aj — E+(,00 —
yrtm™) < 1.7% [3]. For this reason, we choose the total

branching ratios as our data points. The value of B(E —
BEF— %" 1u,)

BEf>2atzt) —
2.3J_r8:; in the PDG [3] with the theoretical prediction of
B(Ezr — Eoeﬂ@) = (10.8 £0.9)% by SU (3) y and heavy
quark symmetry [27]. For E? decay processes, the data of
B(Eg — E~mT) = (1.8 & 0.5)% measured by BELLE

[36] and the ratios of % = 1.07 £ 0.14 and
BEC A KD — 0,029 40.007 in PDG [3] are used to
extract the absolute branching ratios of B( Eg — AOK—7h)
and B(2? — A°KTK7).

There are 12 parameters to be extracted with 16 data inputs
as shown in Table 4. In Table 5, we present the fitting values
of a; and b;. The correlation coefficients of i-th and j-th
irreducible amplitudes are given by

E-xtn™T) is extracted from the ratio
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Table 8 Numerical results for

B(EY — ByMM')

CF mode 10°B CS mode 10°8 DCSmode  10°B
>tr0k—  79+14 Sta0r- 1.0+£0.2 str— KO 43+0.6
StrKY 1542 star—n0 45406 »070K0 1.14+04
»tKk—n®  0.37£0.07 »tKOK~ 18403 »o0r-Kkt 5240.6
»070K0 24405 2070570 1.840.2 »0K0y0 0.024 £+ 0.016
»0rtK—  394+1.0 5057050 1.8+0.2 > 70K+ 51+0.6
»0KO,0 0.061 +0.015 »0KOKO 0.039 % 0.007 > 7tk0 31404
> 7tK%  0.3440.05 $OK+tK- 12402 K+l 0.047 £+ 0.031
2057070 72415 %0050 0.39 +0.01 20K0k0 0.085 £ 0.031
207050 1.0+0.1 S0zt 1.0+£0.2 2 KKt 0.040£0.015
B0ty 1142 s—rty? 0.44 +0.13 prn° 64 + 10
E0KOKO 0.033 + 0.004 S KYKY  0.24+0.04 pKOK~ 43+5
29KTK~  0.30+0.03 E070K0 0.59+0.28 nOx0 1642
20700 82+25)x107* E% Kt 1.0+£0.3 non° 3245
E a0t 0.37 £0.08 20K 0,0 0.013 £ 0.005 nrto~ 31+4
2 aty? 0.93+0.11 2 7%kt  043+0.11 nkKOK©° 50+04
B KtKY  0.077+0.014 E-ntK®  0.614+0.10 nKtK- 2244
pK—K° 1.7+0.3 E-Kn (23+0.8) x 1073 ap%y° 0.79 + 0.40
nK°KO 0.77 +£0.09 pr®K~— 13£2 A7 0K0 6.5+1.9
A7tK—  22+06 prn— KO 244 Ad7—Kkt 13+4
AOKOy° 0.057 £ 0.024 pK—n° 1.9+04 AOKOp0 0.61+0.17

nmOK° 24412

nnt K- 89428

nK%° 0.80 +0.29

A7 070 8.8+ 1.1

A0 0p0 20403

At~ 1742

AYKOKO 0.23+£0.03

APKtK—  0.6240.12

A% 0.18 £0.03

1 —-0.58 —-0.44 0.43 096 —-0.32 -0.01 0.47 —0.33 0.55 0.73 —0.56

—-0.58 1

—0.44 0.55
0.43 —0.64
0.96 —0.49
-0.32 0.29
—-0.01 0.65
0.47 —0.82
—-0.33 0.21
0.55 -0.72
0.73 -0.79
—0.56 0.63

—-0.54 0.61

0.55 —-0.64 —0.49 0.29 0.65 —0.82 0.21 —-0.72

1 —-0.68 —0.36 0.66 044 —0.54 0.37 —0.63
—-068 1 046 —-0.61 -0.60 0.61 —0.33 0.78
—-036 046 1 —-0.27 0.00 041 —-0.23 0.55

0.66 —-0.61 —0.27 1 0.28 —0.34 0.50 —0.46
0.44 —0.60 0.00 0.28 I -0.79 0.38 —0.76
041 —-034-079 1 —-0.34 0.74
0.37 —-0.33 —-0.23 0.50 038 —034 1 —0.63

—-0.63 0.78 0.55 —-0.46 —-0.76 0.74 —0.63 1
—0.45 0.58 0.74 —-0.23 —0.44 0.82 0.01

0.58

0.61 —0.65 —-0.52 0.54 0.69 —0.69 0.78 —0.94

—-0.79 0.63
—-0.45 0.61

0.58 —0.65
0.74 —0.52

—-0.23 0.54
—0.44 0.69

0.82 —0.69

0.01 0.78

0.58 —0.94
1 —-048

—-048 1

s)
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Table 9 Numerical results for ()(A7 — BaMM')

CF mode (o) CS mode (o) DCS mode (o)

AF — Hr070 0.85+0.13 AF — 2+0K0 0.76 £ 0.22 Af — nHKOKO —0.43£0.32

AY — 200 0.8140.18 Af - 2tg Kkt 0.7540.15 A} — 2OKOK+ —0.43+£0.32

Af = Ztnta 0.16 +0.27 A — DHKOO —0.05£0.07 Af - ZTKtK* —0.43 £0.31

Af — STKOKO 0.68 + 0.07 AF — 070K+ 0.75+0.10 A — pr®KO© 0.937997

Af - STKYK- —0.06+0.11 AF — 207 tKO 0.75 +0.22 Af = pr Kt 0.93+0:9%

AF — THp0n0 0.03 4 0.00 Af — 20g+y0 —0.05 £ 0.07 AF — pKOn° —0.38 £ 0.45

A} — 20707+ —0.96 00 Af - =tk 0.70 +0.70 A} — K+ 0.93+0%

A} — 207+p0 0.81+0.18 A — pr'n® —0.95£0.05 A} — nnt KO 0.93409%

Af — ZOKHKO 0.30 £ 0.60 AF — prp0 0.84 £ 0.09 AF — nKtnP —0.38+0.45

AY — 2 atnt —0.96 001 A — prtn~ —0.95+0.05

AF — 80970k 0.78 £ 0.03 A} — pK°K® 0.84 £0.05

AF — 807 +k0 0.96 + 0.00 A} — pKtK~ —0.91 £ 0.09

Af — B8 ntKt —0.78 £0.13 AF — pny° 0.62 £0.21

AF — prPKO 0.11+0.28 AF — nrtp0 0.85 +0.09

Af — prtK- 0.89 £0.10 A - nK*K° 0.94 £0.03

AY — pKOy© —0.38 £0.22 AF — A0xO0k+ 0.97 + 0.00

Af — nrtK° —0.9110 33 AF — AOmt KO 0.97 £ 0.00

A — A0t p0 0.5440.15 AF — AOk+y0 —0.28 +£0.28

A} — AYKTKO 0.41 £0.08

Table 10 Numerical results for («)(ES — BaM M)

CF mode (o) CS mode (o) DCS mode (o)

gf —» otn'K° 0.67 £0.22 g} —» otn7° —0.9570:83 gf - ota'k° —-0.26£0.15

Ef - Ztatk- 0.861012 Ef —» =ta0%0 0.33+0.19 gf > =tr Kkt 0.80 £0.13

Ef — tK° 0.21£0.10 ErY > Xfrntn —0.96 £ 0.04 CHEE Y 0.61 £0.33

gf - 207+ kK° —0.81104¢ gf - otKK° 0.71 £0.06 gf » 2070k~ —0.05 £ 0.21

gf — 8%+ —0.817039 Ef > STKTK™ —0.87 £0.11 gf - 207FK° —-0.26£0.15

EFX — E%ty 0.96 £ 0.04 EX - =00 0.63 £+ 0.09 EX — x0k+y0 0.60 £0.33

g — BOK+K° 0.54 +0.17 gf - 200+ —0.97 £0.03 gf - = atkt —0.9470:97

gf - B ntat —0.811047 gf - 207 +p° 0.34 +0.19 gf - 2Kk —0.84101%

g - pK°K° ~0.87103 gf - 20K TKO 0.96 + 0.01 gf - E KTkt —0.83701%

EF - A%7tKO —0.86707% Ef - Xz atnt —0.96 4 0.03 EF — pnOn0 —0.2240.38
E}r — E%0Kk™* 0.95 +0.03 g — prnn° 0.97 +0.00
Ef — 8%k 0.96 £ 0.01 Ef — prtn —-0.22+£0.38
Ef — 80k*p° 0.85 & 0.08 Er — pK°K° 0.96 £ 0.02
Ef - EntKT 0.70%939 gf - pK*K 0.14 + 0.24
gt — pn'K° 0.30 +0.17 gf — pn'n° 0.93797
Ef - pntK 0.9470:0 gf — naty” 0.97 £ 0.00
Ef - pKon° 0.49 +0.28 EX - nKtK° 0.83 £0.06
Ef — nn KO —0.97 +0.02 EF — AOn0k+ 0.80 £ 0.12
Ef — A0zt 0.96 & 0.02 EfX — AOxtK0 0.80 £0.12
EFX — AYKTKO 0.91 £0.06 EX — AOk+q0 —0.03+0.35
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Table 11 Numerical results for <0‘>(E(C) — BoM M)

CF mode (o) CS mode (o) DCS mode (o)
8 - ntalk- 0.94 £ 0.02 80 — 2taln- —0.97 £0.03 g0 — =tr KO —0.94707
E) —» =tz KO 0.89 +0.05 E) — mtg—p? 0.73£0.10 80 - 2070k0 —0.05+£0.21
E) - mtKk O 0.79 £ 0.03 E) - =+KOKk~ 0.82 £ 0.03 80 — 207K+ —0.26£0.15
E) — 2070k0 0.44 £0.17 E) — 507070 —0.96 &+ 0.02 EY — x0g0y0 0.60 & 0.33
B) - 20rtk- 0.95 £ 0.03 80 — 20700 0.89 £ 0.06 80 —» 2 a0kt —0.26 £0.15
g — 0K 0 0.96 £ 0.01 80— 20ntn- —0.95%0%2 82— = K" 0.80 £0.13
g0 - = xtK° —0.9670:9¢ g0 — zOKOKO 0.95 +0.05 80—z Kk*y° 0.60 +0.33
80 — E070x° 0.86 £ 0.05 80— 2OK+K- 0.54 £0.02 g2 —» kK —0.847013
g0 — &0 00 0.42£0.18 20 — 20090 0.63 £ 0.09 g0 —» E KKt —0.83703
E) — E'ntn— 0.97 £0.01 E) — 7 nln+ —0.97 £ 0.03 80 — prn° 0.97 £ 0.00
E) — g%kOk° 0.324+0.52 E) - maty? 0.78 £0.10 B0 - pKOK~ 0.83 £ 0.06
B » EOK+K~ —0.07 £0.13 E0 > »~K+KO 0.07 £0.16 2 —» nmOx0 —0.22 +£0.38
EY — %00 —0.18 £0.83 E) — g%7%k0 0.37 £0.32 80 — nOn® 0.97 £0.00
80— 8 n7+ —0.811947 80— 8% K+ 0.16 £0.33 80 — nrtr —-0.22+£0.38
B — gty —0.09 £0.11 E) — g0k %P 0.16 £0.15 80 — nk°k° 0.14 £0.24
B0 - E- KK 0.47 £0.12 B0 » E-n0Kk* 0.18 £0.15 Y > nKtK~ 0.96 £ 0.02
B0 - pk~K° —0.96 4+ 0.03 8> g 7tk 0.08 +0.19 80 — nnn° 0.937942
g0 — nK°K° —0.93104) g0 —» 2 Kty —0.83102) 8% — A%n0k?© 0.80 +0.12
EY — A%70K© 0.01 £ 0.62 E) — prlk 0.75 £ 0.07 80 » A% k+ 0.80 £ 0.12
8Y - Alntk— —0.91£0.08 8% — pr KO 0.97 £ 0.00 20 — AOKOp0 —0.03£0.35
EY — AOKOy0 —0.74+£0.22 E) — pk—n° 0.04 +£0.14

g0 — nn'K° 0.8870:12

BY - nwtK~ 0.10 £ 0.20

8% — nK%° —0.23+£0.33

E? — A070x70 0.82 +0.04

EY — A0 0p0 0.96 £ 0.02

B0 » A0mtrm— 0.82 +0.04

g0 — A’KOK? 0.920:08

A°KFK~ 0.71£0.15

EY — A0nOp0 —0.90 £0.10
In our fit, we find that Xz/d.o.f =9.6/4 =2.4 withd.o.f ones with ¢; = a; + i/c(m§3)b,~ and assume K(m%3) being

representing degree of freedom. As seen from Table 4, the
decay branching ratios are reproduced, which agree well with
the data in Refs. [3,35-38] accordingly.

In Tables 6, 7 and 8, we show our numerical results for the
decay branching ratios in AT — BaMM', EF — BaMM’
and E? — B, MM’ respectively.

Since (a;, b;) and (—a;, b;) give the same results in our
x2 fitting with SU(3) s, both £(a) are solutions which
should be determined by experiments or dynamical mod-
els. We present the predictions for the up-down asymme-
tries of (a)(AF, EF, E? — ByMM’) in Tables 9, 10 and
11, respectively, by choosing (a)(A} — E~K*x™) to be
negative. One may also re-parametrize the real SU (3) irre-
ducible amplitudes with a; and b; in Eq. (8) into complex

the same for all modes in the SU (3) ¢ limit. In this case, one
more parameter can be reduced by considering the following
transformations in a; and b; without changing the branching
ratios, given by

a, = cos(0)a; + k sin(6)b;,

1
kb; = —sin(0)a; + « cos(0)b;, (16)

which are equivalent to multiply an arbitrary overall phase
¢'? in the complex number parametrization, but lose all infor-
mation about the up-down asymmetries [25]. Note that the
fitting results of the branching ratios are slightly different
from those in Ref. [25] due to the kinematic K(m%3) correc-
tions. The situation also occurs in the semi-leptonic charmed
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Table 12 Decay branching ratios and averaged up-down asymmetries for CF and DCS mixed processes involving K g and K 2

Channel B (o)

A — TOKFKY (1.44 £0.52) x 1074 0.42+0.55
Al — 20k +K? (1.47 £0.51) x 1074 0.16 £0.61
A — pr°K) (1.26 £0.21) x 1072 0.16 £0.28
AF — pr°KY (1.09 £0.19) x 1072 0.06 £ 0.29
Af — pnPk? (3.40 £ 0.54) x 1073 —0.35+0.21
AF — pn°k? (3.524+0.56) x 1073 —0.4240.23

Al — nnt K

Af — nntK)

— 0.06
(5.80£0.72) x 1073 —0.9679%¢
(5.88£0.77) x 1073 —0.83+020

Af - =TKIK) (177 £0.42) x 1073 0.69 £ 0.07
Af - =HKIK) (7.56 £2.94) x 1077 —0.44+0.32
Af — HKVK? (1.68 £0.41) x 1073 0.71 £0.07
g - =20k} (1.10 £ 0.66) x 1072 0.79 £0.20
gf - ot20k? (1.00 £0.70) x 1072 0.524£0.23
gf - =tk (1.60 £ 0.45) x 1073 0.2240.10
Ef - otk (1.4540.47) x 1073 0.20 +0.11
g - 207tk (3.60 £ 0.90) x 1073 —0.877013
gf - 207+K? (6.20+0.13) x 1073 —0.761034
g — E'k Tk (1.85+£0.34) x 1073 0.5240.17
g —» Bk kY (1.754+0.34) x 1073 0.57 +£0.17
Ef - A%ntKY) (1.94 +£0.43) x 1072 -0.73703]
Ef - Alntk? (1.99 +0.49) x 1072 —0.940: )¢

g} — pKIK? (1.06 £ 0.23) x 1072 ~0.657939
Ef — pKIK? (1.92 +£0.44) x 1072 —0.8801)
Ef — pkYK? (9.36 £3.07) x 1073 —0.97 £0.01

Channel B (o)

g% - =t K (743 £1.01) x 1072 0.90 £ 0.05
8- =tr k) (7.48 £ 1.01) x 1072 0.87 4 0.06
g% - 070k (1.19 £0.25) x 1072 0.44 +0.17
B) — x070k9 (1.29 4 0.25) x 1072 0.43£0.17
E) - = 7tk (1.84£0.29) x 1073 —0.97 £0.02
8 — = ntK) (1.69 £0.23) x 1073 —0.92700¢
E? > E-KTKY (4.20 £0.73) x 1074 0.45+£0.12
g% —» E"K+KY (3.93£0.73) x 1074 0.51£0.12
g0 - pK~K) (8.18 £ 1.13) x 1073 —0.891012
g% —» pK K (9.42 +2.00) x 1073 —0.95+0.05
EY — A%0k? (2.69 £ 1.16) x 1074 —0.61 £0.28
g% — A0k? (323+£127) x 1074 —-0.84£0.16
8% — 8% 0k (1.85+£0.21) x 1074 0.37 £ 0.49
g2 — 2°K9KY 4.70 £ 1.71) x 1077 —0.857011
g% —» 'k Vk? (1.95+£0.19) x 1074 0.25£0.53
g% - nkJK? (1.66 £0.23) x 1073 —0.96 £ 0.04
g — nK9KY (3.97 £0.49) x 1073 —0.93033
8% - nkVK? (23540.27) x 1073 —0.88701%

baryon decays, indicating that SU (3) s is highly brokien in
kinematics [27].

We can also calculate the up-down asymmetries for the
decays with the final states involving the physical K(S) and
K(L) particles, where K(S) = \%(KO + K% and K(L) =
\%(KO — K% with ignoring CP violation. The numer-
ical values for the decay branching ratios and up-down
asymmetries are presented in Table 12. It is interesting to
note that (@)(A} — XFTKIKY) = —0.44 £ 0.32 and
() E(C) — EOK(S)KE) = —0.851’8:}; are the same as
(@) (AF — 2TKOK?) and (a)(E? — EO°K°K?), in which
the former two modes are dominated by the CF processes,
whereas the later two the DCS ones. Clearly, these two modes
can be used to test the s-wave dominance assumption for the
meson-pairs in the decays.

4 Discussions and conclusions

We have studied the up-down asymmetries in the three-body
anti-triplet B, — By MM’ decays in the approach of the

@ Springer

SU(3) y symmetry. In our analysis, we have only concen-
trated on the s-wave M M’-pair contributions, so that the
decays only depend on 12 real irreducible parity conserv-
ing and violating amplitudes. With the minimum y  fit to the
16 data points, we have obtained a fit with x2/d.o.f = 2.4,
which is not relatively good but it will be reduced when more
decay branching ratios or up-down asymmetries of the three-
body modes are measured in the future. The predictions of
the decay branching ratios are slightly different from those
in Ref. [25] because the kinematic factor of K(m§3) highly
breaks the SU(3) s flavor symmetry, similar to the cases
in the semi-leptonic charmed baryon decays. The triangle
relations derived by [18,25,29] still hold since the isospin
symmetry preserves in K(m%3). However, the relations from
the U-spin symmetry [30] may be broken by K(m%3) due to
the large mass differences of hadrons. The predicted decay
branching ratio of B(AY — nxtK% = (1.1 £0.1)% is
3 times smaller than (3.6 £ 0.6)% by the BESIII obser-
vation [39]. This indicates that there exist some other siz-
able contributions to this decay, such as those from H (15),
resonant states and p-wave meson pairs. Our result for the
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BEf—>pK—nt) . .
B Sgatah 0.50 £ 0.13 is 2 times larger

than the current experimental value of 0.21 £ 0.04. For
the averaged up-down asymmetries, both £(«) are solu-
tions in the y? fitting within the SU(3)r approach, which
can be determined by experiments. For example, one can
measure the angular distribution of the A%z~ pair in the
four-body decay of A — (E- — A7 )K*xnt by
BESIII to fix the sign of ()(A} — E~K*x™), which
has been chosen to be negative. We have also examined
the decays with the final states involving K(L)/Kg, which
contain the CF and DCS processes. In particular, we have
obtained that (&)(A} — TTKYKY) = —0.44 £ 0.32 and
(@)(8Y — 8°K2KY) = —0.85%) 1], which are the same
as those for the pure DCS modes of A} — XTKK? and
EY — EOKOKY, respectively.
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