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Abstract

In the recent years, fruitful results on charmed baryons are obtained by BESIII, Belle and LHCb. We in-
vestigate the two-body non-leptonic decays of charmed baryons based on the exact flavor SU (3) symmetry
without any other approximation. Hundreds of amplitude relations are clearly provided, and are classified
according to the /-, U- and V-spin symmetries. Among them, some amplitude relations are tested by the
experimental data, or used to predict the branching fractions based on the exact flavor symmetry without
any other approximation. Some relations of K 2 -K 2 asymmetries and C P asymmetries are obtained un-
der the U-spin symmetry in the modes of charmed baryon decaying into neutral kaons. Besides, the U-spin
breaking effect is explored in the A;!' — ¥t k*0 and Ej‘ — pf*o modes.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Charmed baryon decays have attracted great attentions recently. Many new measurements
were performed by the BESIII [1-13], Belle [14—19], and LHCb [20-24] experiments, with a
lot of properties firstly determined in the recent five years when more than thirty years after the
observation of the charmed baryons. For instance, the absolute branching fractions of two-body
non-leptonic charmed baryon decays are measured and collected shown in Table 1. Especially,
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Table 1
The absolute branching fractions of two-body non-leptonic charmed baryon decays. Data are taken from PDG [25],
except for some recent results labeled with references.

Mode Branching fraction Type Mode Branching fraction Type
AF = AOrt (1.30 £+ 0.07)% CF AT > =y (1.07 £0.32)% CF
AT - 207+ (1.29 4+ 0.07)% CF AT > ATTK~ (1.08 £ 0.25)% CF
AF > ztg0 (1.25+0.10)% CF AF — B0+ (5.02+1.04) x 1073 [10] CF
AT >zt (4.1£2.0) x 1073 [11] CF B0 g nt (1.80 +0.52)% [18] CF
AF = pK° (3.18 +£0.16)% CF AT > Akt 6.1+12) x 1074 SCS
AT - 29kt (5.54+0.7) x 1073 CF AT - 29kt (52+0.8) x 107* SCS
AT > =ty (1.34+0.57)% [11] CF AT > py (1.24£0.30) x 1073 SCS
AT > A0pt <6% CF AF = pr¥ <27x1074 SCS
AT - =10 <1.7% CF AT = po (1.06 £ 0.14) x 103 SCS
AT > =t¢ (3.9+0.6) x 1073 CF AT > stg*0 (3.5+1.0)x 1073 SCS
AF = pK™ (1.96 £ 0.27)% CF gt - px* (275+1.02) x 1073 [19]  SCS
AF >t (1.70+£0.21)% CF

the measurements on the absolute branching fractions of the Eg and EF decays by the Belle

collaboration [18,19] are important extensions from the studies of A" decays. Brilliant prospects
of charmed baryon decays are expected at BESIII [26], Belle II [27] and LHCb [28] in the near
future. Motivated by the experimental progress, many theoretical efforts are devoted to charmed
baryon decays since 2016 [29-60]. It is worthwhile to investigate the charmed baryon decays
continuously since they provide a platform to study the weak and strong interactions.

It is known that the QCD-inspired approaches do not work well in the non-leptonic decays
of charmed hadrons due to the fact that the charm quark mass of 1.3 GeV is neither heavy
enough nor light enough. Except for the model-dependent methods studying charmed baryon
decays [58—-65], the flavor symmetry analysis is model-independent and widely used. The SU (3)
invariant amplitudes are independent of the detailed dynamics and can be determined by fitting
experimental data. Hence the flavor symmetry was usually used soon after some new particles
were observed with the decaying dynamics not well-understood, such as the studies on the charm
and bottom meson decays in 1970s [66-71], and the singly and doubly charmed baryon decays
recently [36-55].

However, the potential of flavor SU (3) symmetry analysis has not been fully explored. The
SU (3) amplitude relations of charmed baryon decays were firstly studied in 1990 [72] and have
to be updated nowadays. Besides, due to the limited available data and the large number of free
parameters in the SU (3) irreducible representation amplitudes, some assumptions are introduced
in the global fitting, either by neglecting the 15-dimensional representation which is small com-
pared to the 6-dimensional representation, or considering the factorization hypothesis for the
15-dimensional representation [41-50]. With more and precise experimental data collected in
the near future by BESIII, Belle II and LHCb, it deserves to analyze charmed baryon decays
based on the exact flavor SU (3) symmetry without any other assumptions to find more and ac-
curate amplitude relations. It is better to test the flavor symmetries and their breaking effects in
this way.

The analysis includes the modes charmed baryons decaying into one octet or decuplet light
baryon and one pseudoscalar or vector meson, covering almost all the available two-body non-
leptonic charm-baryon decays. Some branching fractions of charmed baryon decays are predicted
using the SU (3) amplitude relations. In order to test the /-, U-, V-spin symmetries and their
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breaking effects, the amplitude relations are classified according to the SU(2) subgroups of
SU(3) group. We discuss the A7 — EOK+, AT — 0K+, AT — Z07F modes for testing

the U-spin symmetry, and the AT — 7K 0 and Ef > pf*o modes for the implications of
U -spin breaking.

The rest of this paper is organized as follows. In Sec. 2, we introduce the SU (3) irreducible
representation amplitude approach and derive the amplitude relations under the SU (3) r limit.
The Phenomenological analysis is presented in Sec. 3. Sec. 4 is a short summary. The decay
amplitudes of charmed baryon decays and a series of amplitude relations under /-, U-, V-spin
symmetries are listed in Appendixes A and B, respectively.

2. Amplitude relations in the flavor symmetry

In this Section, we introduce the SU (3) irreducible representation amplitude (IRA) approach.
The tree level effective Hamiltonian in charm quark weak decay in the Standard Model (SM) is
[73]

Heff— — Z e Vuga [C140) 01 (1) + C2(1) 02 ()], (1)
q =d,s

where G is the Fermi coupling constant, Cj > are the Wilson coefficients of operators O 3.
012 read as
O1 = (taq2p)v-4(q15Ca) V-4, 02 = (e q20)v—A(q18CEIV—-As (2

in which «, 8 are color indices, g1 2 are d and s quarks. The non-leptonic decays of charmed
hadrons are classified into three types: Cabibbo-favored (CF), singly Cabibbo-suppressed (SCS)
and doubly Cabibbo-suppressed (DCS) decays,

¢ — sdu, c—>dcz/s§u, c— dsu. 3)

In the SU (3) picture, the four-quark operators in charm decays embed into an effective Hamil-
tonian,

3
Her= ) Hf0}. 4)
i,jk=1

in which the operator 0,? is
ij GF - _ - -
o) = E[Cl(M)(QiQQkﬂ)V—A(Qjﬂca)V—A + Co2() (i qGka) v—-a(Gjpcp)v—a). )

O,ij can be seen as a tensor representation of SU (3) group. Hi]; is the corresponding CKM matrix

elements of operator O;;j Eq. (1) implies that the tensor components of Hl.';. can be obtained from
the map (uq1)(g2c) — qu Vug, and the others are set to be zero. The non-zero components of

k
Hl.j are
H13—V* Vud, H]z— CdV”d’ H13—V VuS9 H12— chNS‘ (6)

Operator 0,’{] can be decomposed into four irreducible representations of SU(3) group: 3 ®
3@3=3®3 @6 15. The explicit decomposition is [55,74]
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i _si(3 003 Y si(3oay — Lody) L il T5)i/
o} =ak(§0(3) - 50G) ) +5k(§0(3 ) — g0(3)/) +ell 0O + 07, (1)
All components of the irreducible representations can be found in [55]. The non-zero compo-

nents corresponding to tree operators in the SU (3) decomposition, under the approximation of
Vi Vs = =V Vua, are

1
H(6)? = =5 VésVua: H(6)? = ( “Vad — ViVis),  H©O)P = > VeaVas:
1 1
H(15)%; =~ 5 Vi Vaa H(15)3, = > VeaVas,
3 3
H(ls)lz—g ;;Vud—gvs;vusv H(15)13— V*V

us — g ;j Vud- (8)
In the comparlson with most literatures [37-50,72], the difference is only one common factor of
IVEVua or FVEVia.

The pseudoscalar and vector mesons form two nonets (octet + singlet)

ne 1 0 + +

) \/6778 +7\/§7T g 1 K 1 n 0 0

P; = T —778—%7'[ +% 0 m 0 s (9)
_ —0
K K —\/gng 0 0 m
1 1 0 + *

. V6 —t 2" 1 g 10 K 0 1 @ 0 0
Vi= P 98— 5P K* + e 0 w 0 |. (10)

K*— f*o _ %wg 3 0 0 w

The mass eigenstates n and n’ are mixing of ng and 7y,

n\__[cos§& —siné ns
<n/)_<sin$ cosé )(m)' an

The mixing angle £ has large uncertainty in literatures. We are not going to discuss the value of

& because the decay modes involving 7 and n’ mesons are not used and predicted in this work
The mass eigenstates w and ¢ are mixing of wg and w1,

¢\ _(cosE —siné&’ wg
<a>> o ( sin’  cosé&’ w ) (12)
The ideal mixing indicates that sin&’ = 1/+/3 and cos&’ =

+/2/3. The singly charmed baryons
form an anti-triplet and a sextet. The anti-triplet reads as

+ =+
0 af &
Boij=|-aF 0 8 |.
-EF -82 o
C C

(13)
or contracted by the Levi-Civita tensor, (B.);; = €; ]k(Bc)k and (B.)f = ("‘0 —EF,A]). The
light baryon octet reads as
1 A0, 1 50 +
A+ 53 1 ) 1 p
(Bg)'; = x

7 . (14)
g0 _@ A°

1]
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The light baryon decuplet is symmetric under the interchange of any two quarks, which can be
written as

B =at, BP=a",  BF=a,
1 1
Bin)'"? = Bin)'* = Bip)*'' = %AJF, (B10)'? = (B10)*'* = (Bio)™*' = NG 0,
1 1
Bip)'"? = (Bio) ¥ = (B1p)*!! = %E*Jﬁ (B10)*® = (B10)?% = (B19)*** = 7 =
1 1
(810)133 — (810)313 — (B]0)331 — \/g E*O, (610)233 — (810)323 — (810)332 — ﬁ E*_,
1
(B10)'* = (B10)' = (B10)*" = (B1)™! = (B10)*? = (B10)**' = —=3*. (15)

NG

To obtain the SU (3) irreducible representation amplitude of the 5. — Bg P decay, one can con-
tract all indices in the following manner:

Actt(B. — By P) =aH (15)';, (B.)! (Bs); P! +bH (15)', (B.)’ (By); P
+cH(15), (B (By)] P + d H(15),(B) (Bs)f P/
+eH(6)" (B (Bs)| P} + f H(6)" (Be)ix (Bg)'; P
+ g H(6)" (Bo)u (Bg)f P+ hH (15}, (B)’ (By)f P/
+rH(6)Y (Bo)ix(By)' P . (16)

Similarly, the decay amplitude of 5. — Bjo P is constructed to be

Actt(Be — BioP) =a(B10)"/* H (15)} (Be)i1 Py, + B(B10)* H(15)',, (Be)it Py
+ v (Bi0) K HA5), (Be)im P + 8(B1o) X H (6)]} (Be) jm Py
+1(Bi0) " H(15), (B Py - (17)

The decay amplitudes of a, b, c, e, f, g, h,r and «, B, y, 8, 1 are complex free parameters. For
the decay modes involving vector mesons, their amplitudes have the same forms as Egs. (16)
and (17). For distinguishing, we label superscript 7 for each parameter of vector modes. With
Egs. (16) and (17), the amplitudes of two-body charmed baryon decays are obtained by tensor
contraction. The results are listed in Appendix A.

Another method to analyze the flavor symmetry in charmed baryon decays is direct calculation
of the separate /-, U- and V-spin amplitudes. It derives the same amplitude relations as the
SU (3) irreducible representation amplitude (IRA) approach. Compared to direct calculation of
the I-, U- and V-spin amplitudes, the IRA approach is more operable and programmable. In this
work, we use the SU (3) irreducible representation amplitudes to study the symmetry relations
between different decay modes. The direct calculation of /-, U- and V-spin amplitudes serves
as the verification of our results. Notice that the octet baryons £° and A° and the octet mesons
70, 13, p° and wg do not have definite U-spin and V-spin quantum numbers. Taking the =% and
AV as examples, they can be written as the mixing of U-spin triplet and U-spin singlet,

3 3 1
%IO,O), A°=§|1,0)—§|0,0), (18)

or the mixing of V-spin triplet and V-spin singlet,

1
0=—211,0) —
2
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/3

1 3 V3
0= 511,0) + ==10,0), A=

2
With the decay amplitudes listed in Appendix A, we derive some amplitude relations between
different modes. Here we only list those relations which will be used later. The others are listed
in Appendix B.
Isospin relations:

1
|1,0) — §|0,0). 19)

AN - =720 + AAF - 2071 =0, (20)
AN = 20 + AN - 20T =0, (21)
AAF = ATTET) —VBAAF > ATEY) =0. (22)

U -spin relations:

V2sinfAAF — 2071) — V2AMF - 20K +sind A - Bk ) =0, (23)

AAS — STK) — AESF - pK ) =0, (24)
sinAAT — pK) — V2AAF — pr®) +V2sin0 AAT — 270 =0, (25)
sin? QAAS — Bk 1) — A(EF — nr) =0, (26)
sin20AAS — pK)) — A(EF — =HK%) =0, 27)
sin20AAF — pK™) + AAT — pK*®) —sin6AAF — TTK*) =0, (28)
sinfAAF — pK™") — V2AAF — pp®) +vV2sin0 AN — $Hp0) =0, (29)
sin20AAS — pK™) — A(E} — STK) =0, (30)
AAS = pK™) —sin? 0 A(EF — STK™) =0, 31)
V2sin? 0 AN — 50 +sin0AAF — £TK0) — V2AEF > pp®) =0, (32)
sin20AAS — ATED) + AE] - =K% =0, (33)
sin? 0 AAT — ATTKT) =sing A(AS — AT TRT)

=—sinA(ES - ATTK ") =—AES — A7), (34)
sin? 0 A(E? > E ") = —sin0 A(EY - =)

=sindAE! > 7K =—-AE) - =7KT), (35)
sin? 0 AAS — 20Kk + A(EF — A7) =0, (36)
ANF = nKT) —sin? 0 A(ET — %) =0, (37)
AAS — ATK®) +5in 0 A(EF — TTK) =0, (38)
ANF = AYKT) 4sin? 0 AES — %07 ) =0, (39)

V -spin relation:
AEF - K + A(EF — 87 ) =0. (40)

In above equations, 6 is the Cabibbo angle and sinf >~ V.

One can derive more amplitude relations that are only valid in the flavor SU (3) symmetry (but
no longer valid in one of the SU (2) subgroups) by combining two or three relations belonging
to different SU (2) subgroups. In principle, if all the amplitude relations belonging to the I-, U-,
V-spins are found, all the amplitude relations in the flavor SU (3) symmetry can be obtained
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by combining those amplitude relations belonging to the three SU(2) subgroups because the
generators of three SU (2) subgroups contain all the generators of SU (3) group.

In the U-spin relations, one type of them, which is relevant to a complete interchange of d and
s quarks in the initial and final states in two decay channels, is simplest. For example, under the
complete interchange of d <> s, the initial and final state particles in Eq. (24) are interchanged as

Af &N pext,  kVoEY (41)

c

The relations associated with the complete interchange of d and s quarks are very interesting
because they can be gotten from their initial and final states without writing down the amplitude
decompositions and the C P asymmetries in the two decay modes are summed to be zero in the
U -spin limit [55].

All the symmetry relations listed in Eqgs. (20) ~ (39) and Appendix B can be examined by
the direct calculation of the /-, U- and V-spin amplitudes. Taking Eq. (23) as an example, we

show the computational procedure in detail. The final-state mesons and baryons xt, K+, g
and X9 can be written as U-spin multiplets: [z 1) = —|2, 2) |[KT) = |2 2) 129 =1, —1)
and |29 = 1|1 0) — ﬁlO 0). The effective Hamiltonian of CF decay changes the U-spin and
its third component, I’Heff) —|1, —1). Then we have
CEIAF) = [l —Ti 3. 5) = ——= 2. —5) + [ 215, —3) “2)
Pheit 22 V32 2 327 2"
The U-spin representations of |07 1) and |ECK *) states are
1 1 1. 43 11 13 1 11 1
[07F) = 11,05 5, =) + -10,0: o =) = —=l5 =)+ o=l =)
2 22 2 2 T J62 2T a3 2
V3l ol
T )] 43
+5 15 2) , (43)
11 1 3 1 21 1
Bk =11, -1 5, 5)=—=15,—5) — /315, =) (44)
2 2 J320 2 327 2
Then the decay amplitudes of A} — 207 and A} — E°K T can be expressed as
1
AN — 2070 = (207 T HE AT = —£A +£A<1) A(lz)’ (45)
J2 2
+ 50ty — (50K + 1 2,0
AN — Bk ) = (80K T HSE A = -4 - 3AY (46)
2

The effective Hamiltonian of SCS decay A — »0K ™ can be written as |7-l§f(t:s =/2|1,0)
since the SCS transition is ¢ — (s5 — dd)u and the minus sign between 55 and dd arises from
the approximation of the CKM matrix elements V¥, Vg = —V/; V,;s. And then

11 2 31 211
SCS + .
A} 201,0; =, o) =—=15,2) =/ 215, 2). 47
HIIA) = V202, 5) = 215, 5) = 315:3) 47

The final state |[S°K ) can be written as U-spin multiplets as
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1 11 3 11 1 31 1 11
|2°K+>=——|1,0;—,—>—£|o,0;—,—>=——|—,—> — |z, )@
2’2 2 2°2 622 24322
fl
13 2><2>. (48)
The decay amplitude of A — YOK T decay reads as
V2. V2 1
AN} — 30k +) = (SOKTHSSS|AT) = ——A A(“ ﬁA(f). (49)
2

According to Egs. (45), (46) and (49), the U-spin relation Eq. (23) is confirmed. Another exam-
ple is the V-spin symmetry relation (40). The initial state E[ is a V-spin singlet. The final-state

mesons 7+ and K_ form a V- -spin doublet (7, K ) and baryons »** and E*° are included

in the V-spin multiplets (A**, £** 8*0 Q7). The Cabibbo-favored effective Hamiltonian
. 1 1yl 1 1 1 :

changes the V-spin by |5, —3)[5, 3) = E'LO) — ﬁ|0, 0). We can derive

?'iCFIEﬂ:(—1 |1 0>——1 10,0910 0>=—1 |1 0)——1 10,0) (50)

N V2 T V2 V2T

IE”‘“LKO)ZIé l)Il _l>:L|2 0)—i|1 0) (51D
272727 20 2 N

|E*On+)=|§ —1>|l l>=i|2 0)+L|1 0). (52)
27 222 T aT 2

Then the decay amplitudes of E — $+ K and E Efr — E¥n T are
—0 —0 1
AET - =K ) = (=K 1HE |12 = _5,41, (53)

1
gty = (80 T HGIED) = S Al (54)

A(ET
(B — 3

c

]

being consistent with Eq. (40)
3. Phenomenological analysis
3.1. Test flavor symmetry
In this Section, we discuss physical applications of the amplitude relations in the SU(3)F

limit. For the two-body decay, for instance 5, — Bg P, the partial decay width I" is parameterized
to be [75]

| Pl

P(Be = BsP) = —5—{[(mp, +mpy)> =mp] IS +[(mp, —mp,)* —mp]|PI*}, (55)
SJTmBE

where S/ P is the S/ P-wave amplitude and | P, | is the c.m. momentum in the rest frame of initial

state,

” Jimy, = Ong+mp)?limy — (mi—mp)?]

2mp (56)

c
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To test the SU (3)r relations via branching fractions, the parameters before |S |2 and |P|2 in
Eq. (55) are assumed to follow the flavor symmetry and hence can be absorbed into the decay
amplitudes,

|P c| 2 2 |P cl
(ST +1P7) =

AP, 57
S”ch 87Tm%| | >7)

I'(B. — BgP) >~

c

The partial decay width of B, — Bg P can be parameterized to be [75]

|P.| Ep, +mp E?
PBe = BgV) =" ————=[2(S +|P2l") + — (IS + DI + [P )]. (58)
T ch mV
Similar to B, — Bg P, we can write
1Pl s
(B, — BgV) ~ — A%, (59)
87rmBC
E2
|AI? = mp, (Eg, +mpy)[4(IS1* + | P2|%) +2m—§<|s+ D> + P, (60)

v
and assume amplitude A follows the flavor symmetry. The similar trick is also used in the modes
involving baryon decuplet for simplification.
The first application of the amplitude relations is to test the flavor symmetry. According to
Eq. (57) and the Isospin symmetry relation (20), the ratio of Br(A} — 7% and Br(A} —
$977%) is calculated to be

Br(Af — =20 /Br(a} — =%2+) = 1.00. (61)
The experimental data of Br(A} — £+7%) and Br(A] — 297 ) imply that [25]
Br(A} — 270 /Br(AT — =%7) =0.96 + 0.09. (62)

One can find the theoretical prediction is well consistent with the experimental data. It demon-
strates that the isospin symmetry is fairly accurate even in the charmed baryon decays.

Other testable equation is the U-spin relation (23). The amplitude magnitudes of A} —
¥r+, AF — 0K+ and A7 — E°K+ modes obtained from available data are

sinf| A(A} — E°K 1) = (4.2940.28) x 107GeV,
V2IAAF - K1) = (7.82+0.61) x 1077 GeV,
V2sin0|AA} — 2071)| = (8.28 +0.26) x 1077 GeV. (63)
If the U -spin symmetry is relatively precise, amplitudes of the three modes should form a triangle
in the complex plane. The triangle is shown in Fig. 1. It is found the amplitudes of A" — O0rt,
AF — »0K* and AF — E9K* modes form a triangle within the 1o error. Using the triangle
in Fig. 1, we extract the relative strong phases between the three decay modes from data. The
three angles of the triangle are expected to be

0(D) =30.74° £2.32°,  H(@)=68.70°£8.82°,  0(®)=280.56°+8.52°, (64)

in which 6(®, @, ®) present the opposite angles of the three sides of the triangle in Fig. 1. These
values could provide some guides for the theoretical studies.
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Fig. 1. Triangle constructed by the amplitudes of ® A7 — EOK*, @ Al — 0K T and ® AT — =%, in which the
circular rings present the errors of the three amplitudes.

3.2. Predictions for branching fractions

From last subsection, one can find the flavor SU(3) symmetry is a reliable tool to study
charmed baryon decays. With the amplitude relations given in Egs. (20) ~ (39), we estimate
some branching fractions of charmed baryon decays. Our results are presented in Table 2. For
the branching fractions extracted from the symmetry relations with three decay modes, such as

Br(8f — E“‘f*o), the upper and lower limit are obtained via the property of triangle that the
sum of the two sides is greater than the third side and the difference between the two sides is less
than the third side. In Refs. [41-50], the contributions from O(15) being negligible compared
to O(6) is used in their predictions. This approximation is questionable because the ratio of
the Wilson coefficients of O(6) and O(15), C_/C, ~ 2.4 [76,77], is not large enough. For
comparison, we list the results given in [43—46] in Table 2. From Table 2, one can find our results
are consistent with Refs. [43—46] in most decay modes. In Table 2, the branching fraction of

Af — ATKY is the most precise prediction because it is derived from Isospin symmetry. Our
prediction of Br(A} — pr¥) is given in a large range which satisfies the upper limit by BESIII
Collaboration [6], Br(A} — pr®) <2.7 x 10~* in 90% confidence level.

—

There are some branching fraction ratios relative to Br(E} — &~ n "7 t) given by PDG [25].

—~

For example, the ratio between Br(E} — Z*+?O) and Br(Ef — E~ntnt)is
Br(8F — S K /Br(Ef - 8 ntn ") =1.0+05. (65)

The branching fraction of E:r — B~ w7 xt is taken from [19]. And then the branching fractions,
such as Br(Ef — E**fo), can be predicted using these ratios. The results are presented in
Table 3. With the results listed in Table 3, one can also predict some branching fractions via
amplitude relations. The results are presented in Table 4. From Table 2 and Table 3, one can find
the predictions of B’r(E:r — E+f*o) in two different methods are consistent with each other
within the range of errors and biased to the smaller value.

3.3. Kg — Kg asymmetry and C P asymmetry in B, — BKgyL decays
Flavor SU (3) symmetry can give some interesting arguments for the K g - K 2 asymmetry

and C P asymmetry in charm hadron decays into neutral kaons. For convenience to the anal-
ysis below, we first review the key points about K (S) - K 2 asymmetry and C P asymmetry in
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Predictions for branching fractions of charmed baryon decays. Our results are compared to the results given in [43-46]
in which the approximation that O (15) contributions are negligible compared to O (6) is used.

Mode This work Type Geng et al.
AF = 50pt < (1.6940.07)% CF (6.1 £4.6) x 1073 [45]
AL - AtE? (3.59+£0.85) x 103 CF (5.140.8) x 1073 [46]
gf —» =tx* (5.75+£2.18)% < Br < (38.19£6.16)% CF (10.1 £2.9)% [45]
AF - pr0 (6.90 +7.56) x 107% < Br < (3.18 £ 0.19) x 1073 SCS (1.340.7) x 1074 [44]
AF = pp° (1.03 £0.35) x 10~% < Br < (3.254+0.22) x 1073 SCS (3.542.9) x 1074 [45]
Af > ATt~ (6.19 + 1.46) x 1074 SCS (12.5 £2.0) x 1074 [46]
)z nt (9.78 £3.25) x 104 SCS (9.04+0.4) x 1074 [43]
g8)— g k" (8.23£2.73) x 1074 N (7.6 £0.4) x 1074 [43]
Ef > Attk— (1.23 +£0.30) x 1073 SCS (3.5+0.6) x 1073 [46]
AY — pk*0 (8.09£4.26) x 1075 < Br < (5.37£1.11) x 10~4 DCS (1.6 £0.5) x 1074 [45]
20 -kt (4.55+1.51) x 1075 DCS (4.540.2) x 1073 [43]
g8f —»nx™ (4.30£0.62) x 107> DCS (476 £1.22) x 107> [43]
gt > ntk0 (1.53+0.13) x 104 DCS (1.76 £ 0.08) x 104 [43]
Ef — pp” (4.33+£3.39) x 107 < Br < (8.47 £1.58) x 1074 DCS (7.1£2.2) x 1077 [45]
Ef > ztk*0 (9.16 £ 1.40) x 1073 DCS (9.9 £ 1.3) x 1073 [45]
gf > o*tk0 (1.84+0.45) x 1077 DCS (3.540.6) x 1077 [46]
gf > Atta— (6.80 = 1.64) x 1073 DCS (25.5£4.4) x 1075 [46]
2F > AVt (4.73+£1.03) x 107 DCS 8.5+ 1.5) x 1073 [46]
Table 3
Branching fractions of u? decays predicted via the relative ratios to E '"+ —E xtat.
Modes Ratio (relative to EC — E~xtxt)  Branching fraction Type Gengetal.

g - =K’ 1.0+05 (2.86+1.91)% CF —
aj Stk 0814015 232+ 1.1)% CF (10.1 +£2.9)% [45]

F-8%*T  055+0.16 (1.57+£0.84)% CF  (8.1£4.0) x 1073 [43]

<0.10
>te <0.11

<(286+127)x 1073 CF —
<(3.15£140)x 1073 SCS  (1.94£0.9) x 1073 [45]

B, —
E+ — 0y +
7 —

Table 4

Branching fractions predicted via Table 3.

Modes Branching fraction Type
AF > nkt (2.11£1.14) x 1077 DCS
AF - ATKO (3.67 £2.46) x 1072 DCS
A - A0kt < (3.65+1.64) x 1076 DCS

charm hadron decays into neutral kaons. More details can be found in [40,78,79]. The K 2 - K 2
asymmetry, which is induced by the interference between CF and DCS amplitudes, is defined by

R(B BKY )= e 0) (B 0) (66)
. —> =
SL7T (B, —>BK)+I(B —>BK)

If the ratio between the DCS and CF amplitudes is defined as

A(B. — BK®)JAB. — BK) = re!@+o1), (67)
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with the magnitude r ¢, the relative strong phase é s, and the weak phase ¢ = Arg[ — V¥ Vus/
v Vud] =(—6.24+0.4) x 1074, the Kg — K(L) asymmetry is reduced to be [78]

R(B. — BKY{ )~ —2rfcoséy. (68)
The time-dependent C P asymmetry in the decay chain of B, — BK (t)(— n 7 ™) is defined as
Trn (1) = Trn (1)
Trne (1) + T (1)
with Tz (t) = T(B, — BK(t)(— ntn7)) and Trr (1) = (B, — BK(t)(— ntm7)). The
intermediate state K (¢) is recognized as a time-evolved neutral kaon K O(t) or fo(t), and ¢ is

the time interval between the charmed baryon decay and the neutral kaon decay in the kaon rest
frame [79,80]. As pointed out in [79], there exist three C P-violation effects, i.e., the indirect

Acp(t) = (69)

— -0 .
CP violation in K® — K* mixing AK,, the direct C P asymmetry in charm decays A%, and
the effect from the interference between two tree (CF and DCS) amplitudes with neutral kaon

mixing A,

—=0 . .
Acp(®) = [AE, (1) + AZL (1) + AR ()] /D), (70)
in which

AE L () = 2Re(e)e ™" = 2¢7T" (Re(e) cos(Amr) + Im(e) sin(Amp), (71

A8 (1) =27 TS  rpsind s sing, (72)

AL (1) = —4rycosgsiny (Zm(e)e "' — e (Zm(e) cos(Amt) — Re(e) sin(Amt))),

(73)

D(t)=e TS!(1 = 2rfcosdscosp) + e TLl]e)?, (74)

with the parameter € characterizing the indirect C P asymmetry in the K© — ?0 mixing, the mass
ms (my) and the width I's (') of the KO (K) mesonand I'= (I's +T1)/2, Am =my — ms.

In the B, — BgP and B. — BjgP decays, we can define seven K(S) — K(L) asymmetries
which are associated with the decay modes of A} — ng)L, Ef > E+K2‘L, Eg — EOKS’L,
80— A°KQ,, AY - ATKY , EF - Z*TKY , E2 - £*0KY | . Let us analyze the relation
between R(A — ng’L) and R(E} — E+K.(9),L) in the U-spin symmetry. The ratio of decay

amplitudes of A¥ — pK?and A} — K s
AMF = pK®)  ViVusc+d+tg
A(Aj—)p?o) ViV a+c+e

= rpei(¢+5”). (75)

The ratio of decay amplitudes of 2F — X+K? and EF — K is

=+ +K0 y
AEL = ETK0)  VaVwatete g el @iz, (76)
A= 2R ViV erd v

Egs. (75) and (76) show that the magnitude of ratios r, and rs+ and strong phases §, and §x+
have following relations in the U-spin limit (under the approximation of Eq. (57)):

rp/tan’0 = tan® 0 /ry+, 8p=—8x+, )
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For convenience, we define rp/tan29 =tan’Q/ry+ = —F, dp =—0x+ = 8. Then the Kg - Kg
asymmetries in AT — pK? , and Ef — £*K, modes can be written as

R(Af — pK) ) ~2tan*6Fcoss,  R(Ef — ETKY,)~2tan’6 cosd/F. (78)
The following relation between R(A — ng,L) and R(E} — E*Kg’L) is gotten:
+ 0 =t +20 4 24 45 -2
R(A = pKg ) x R(E; — X7 Kg ;) =4tan"fcos”d <4tan" 0 ~ 1 x 107", 79)

According to Egs. (72) and (73), the direct C P asymmetry A‘éi;, and the interference between
charm decay and neutral kaon mixing Aié"P are proportional to sind . Since the relative strong
phase between DCS and CF amplitudes 8 7 is opposite in A} — pK? and EF — =+ K2 modes,
A‘éi}, and Aié‘tp have opposite sign too. Furthermore, the magnitudes of K g - K(L) asymmetries
and C P asymmetries in A} — pK 2, ; and Ef — E*’Kg’ ;, modes have following relations:

1. If both R(A} — pK(S)yL) and R(E} — E*‘Kg’L) are large, the strong phase § is close to
zero. The C P asymmetries AYY, and AlY, are small in A} — pK? and Ef — Tk
decays.

2. If both R(A} — ng’L) and R(Ef — 2+K.(9),L) are small, the strong phase § is close
to /2. The C P asymmetries AYL, and A, are large in A7 — pKD and Ef — ZT K
decays.

3. If R(AS — pK(S)’L) is large while R(E} — E+K2,L) is small, the parameter 7 is large.
The C P asymmetries ASY, and AN, in AT — pK?{ decay are large and the ones in E —
2K decay are small.

4. 1f R(AF — pKY ) is small while R(Ef — ZTKY ) is large, the parameter 7 is small.
The C P asymmetries A‘éi;, and Aigtp in Al — ng decay are small and the ones in E —
2K decay are large.

Let us take a closer look on Egs. (75) and (76). The decay modes A} — pKY and Ef >

E+f0 are connected by a complete interchange of d and s quarks in initial and final states:
AF < BF, po B+, KO < K. The decay amplitudes of A¥ — pK® and 8F — S+K" are
associated with an interchange of the CKM matrix elements: V:‘d Vus <> V2 Vyq. The same sit-
uation appears in A} — pfo and EF — T K modes. In fact, it is an universal law that if
two decay modes connected by the interchange of d <> s in the initial and final states, their de-
cay amplitudes are the same under the flavor U-spin symmetry except for an interchange of the
CKM matrix elements. The detailed analysis can be found in our previous work [55]. Even the
decay amplitudes are not written down, Eq. (77) can still be obtained. Eq. (77) is valid for any
charmed decay modes involving K g’ ;. if other initial- and final-state particles are connected by a
complete interchange of d and s quarks, no matter the charmed meson decays, singly and dou-
bly charmed baryon decays, or two- and multi-body decays. All the analysis on AT — pK(S)’ L
and Ef —» =K 2’ ;. can be applied to the modes that satisfy this condition. As examples, one
can check decay modes such as D* — K¢ 7+ and D — KY K+, Af — ATKY, and

EF - =K BL > AYKY, and Qf, —» EFKY,, EX - TFKY | and QF, — EFFKY
and so on.



14 C.-P. Jia et al. / Nuclear Physics B 956 (2020) 115048

3.4. U-spin breaking

As is well known the SU (3) breaking effects are significantly large in the charmed meson
decays [81,82]. It deserves to investigate the SU (3) breaking effects in charmed baryon decays.
In charm decays, U-spin breaking is usually studied. A perturbative method to deal with U-spin
breaking was proposed in [83,84]. In this method, the corrections of arbitrary order to decay
amplitude (f|Hesr|i) are obtained by introducing an s — d spurion mass operator My pk into
the Hamiltonian and initial and final states. It is the U3 = 0 component in U-spin triplet. Using
the s — d spurion mass operator, the author of [83,84] derives the n-th order U-spin breaking
corrections for D — K~ 7%, D® - K*K~, D® - nt7~ and D° — K7~ decays. In this
subsection, we try to apply this perturbative method to charmed baryon decays to analyze the
singly Cabibbo-suppressed modes A} — =+ K*0 and EF — p?*o

Under the U-spin symmetry limit, the decay amplitudes of A7 — K *0 and Ef > pf*o
are equal,

<2+K*O|HSCS|A+>(O) <pf*0|fH§f$S|Ej-)(0) =A, (80)

as shown in Eq. (24). The first order U -spin breaking is obtained by multiplying an s —d spurion
mass operator Mypk X (5s) — (dd) with Hamiltonian and initial and final states,

(FIHSES1YD = (FIHSES Mywkli) + (FIHSS i Mubik) + (Mubnc fIHSE i) (81)

The effective Hamiltonian for SCS decays at first order has an additional penguin term Psy 4 due
to the s — d mass difference [83,84]

HEES My = Hiyw> Mubek + Psd- (82)

Hence the first order correction of U-spin breaking is rewritten as

(FIHSES1YD = (FIHSSS Mybeili) + (f | Psgali) + (f IS i Mybk) + (Mubr fIHSG 1i),

(83)
in which
HiS) =v21,0),  [Mupk)=11,0),  |Psra) =10,0). (84)
For A} — 2t K*0 and EF — pK* decays,
= lms), )= o fn) £ 2] £0). (85)
22 ﬁz 2 32 2

According to the coupling law of angular momenta and the following property of Clebsch-
Gordan coefficients,
(jum1 jama| jam3) = (=D)IHRTE Gy —my jo —malj3 —m3), (86)

. . —*0
the relation between the decay amplitudes of A}Y — £TK*0 and E} — pK " decays at first
order correction of U -spin breaking can be derived. For instance, the expressions of the first term

in Eq. (83)in A} — X*K*0 and Ef — pf*o modes are written as
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131 211
(TS Mupal AT) = (—= (5. 5) +4/ 2 . I—(2 0) - \/7(0 Ol

f 2°2 3°2° 2 f
2 2
= i/l; —g.A%, 87
025Cs a3 L2 1,2 _\/2 1
(PK Hy " Mybkl| ES) = ( \/— x 2) 3(2, 2)I\/§(2,0) 3(0,0)|2, 2)
2f

One can find (f|H}> Mypwli) term in AT — TTK* and Ef — pf*o has opposite sign.
Similar conclusions are also deduced in other terms of Eq. (83). Thereby, the relation between
ratios of the first order U-spin breaking amplitude and the U-spin symmetry amplitude of these
two decay modes is

—+0 -
(ZFKOHSS|IAHD  (pK T HSSIEDHD

= =¢p. (89)
SCS| A+ —0 _
(BHKOHE A O (pK T IHSS |IEH O

So the amplitudes of A} — =K *0 and Ef > pf*o decays in the first-order U -spin breaking
are

AN = K = VoA (1 +2p),  AES = pK) = VarmA (1 —2p),  (90)
in which the Vg involves ViV, >~ sinf cos6 and V.4 V,q >~ — sin6 cos 8. Neglecting the high
order contributions, the ratio of A(AY — ¥ K*%) and A(E} — pf*o) is

AAF — 2+K*°) _ l+ep

N
With the experimental data of the branching fractions [19]

= —(142Re(ep)) + O(ep). oD

Br(Ef - B nfnt)=(2.86 4+ 1.21 £0.38)%,
Br(8f — pK n%)=(0.45+£0.21 £0.07)%, (92)
and the ratios [25,85],

Br(Ef — pK*° Br(gf - pK "
r(+‘ ~PK ) 0.1160.030, r(+° ~PX ) _0s4x0.10, (93)
Br(Ef — E-ntat) Br(Ef — pK—nt)

we get two different branching fractions of Ef — pf*o
Br(gf — PK)D = (3324 1.70) x 1073,
Br(gf — PK)®D = (2.434+1.27) x 1073, (94)

The average of them can be calculated through the following formulas

95)
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where Y; is the central value of each branching fraction with error o; and the weight function w;
. . . —x0 .
is 1 /ol.z. Then the branching fraction of Ef — pK s

Br(8f — pK™) = (2.75+ 1.02) x 1073, (96)

The U-spin breaking parameter Re(ep) in A} — X+ K*0 and E} — pK ™ modes is extracted
to be

Re(ep) =0.53 £ 0.24. o7
Compared to the ratio between the branching fractions of A — ¥+ 70 and Af — 207+ decays
in Eq. (62), one can find the U-spin breaking is much larger than the /-spin breaking. If the U-

spin breaking in A} — TTK *0 and Ef — pf*o decays is normal, i.e., no more than 30%, the
parameter Re(eg) is smaller than 15% since there is a factor 2 in Eq. (91). Re(eg) extracted
from data, at least its central value, is much larger than 15%. We can regard the abnormal U -
spin breaking as an anomaly. To confirm the anomaly, more accurate data are required. The large

U-spin breaking in A} — X+*K*0 and Ef — pf*o decays is very interesting because similar
anomaly is also found in the SCS charmed meson decay modes D% KT*K~and D° —» ntn—
[25],

Br(D® - KtK™) = (4.08 +£0.06) x 1073,

Br(D° — nta™) = (1.445 4+ 0.024) x 1073, (98)
and

Br(D® - KtK™)/Br(D° - nt77)=2.80 £+ 0.02. (99)
The U -spin breaking parameter Re(ep) is given by [84],

Re(ep) =0.310 £ 0.006. (100)

It is plausible that U-spin breaking in the singly Cabibbo-suppressed transitions is larger than
the Cabibbo-favored and doubly Cabibbo-suppressed transitions and some non-perturbative dy-
namics enhance the U-spin breaking in both charmed meson and baryon decays.

4. Summary

In summary, we study the two-body non-leptonic decays of charmed baryons based on the
flavor SU (3) symmetry. Hundreds of I-, U- and V -spin relations between different decay chan-
nels of charmed baryons are found. Some of them can be used to test the breaking of /-, U- and
V-spins. Using these amplitude relations, some branching fractions of charmed baryon decays
are predicted, which could provide guides for the future experiments. Several U-spin relations
for Kg — K(L) asymmetries and C P asymmetries in the B, — BK 2 ; modes are proposed. And a

possible abnormal U-spin breaking is found in A} — =+ K*0 and E} — p?*o modes.
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Appendix A. Decay amplitudes

In this Appendix, we list the decay amplitudes of all B, — Bg P, B, — BioP, B, — BgV and
B. — B1pV modes, see Tables 5-8.

Table 5

Decay amplitudes of B, — Bg P modes in the SU(3)f limit, in which mod s;
and 512 are used to label the singly Cabibbo-suppressed and doubly Cabibbo-
suppressed modes since the SCS amplitudes are proportional to sinf (mod s1)
and the DCS amplitudes are proportional to sin 6 (mod slz).

Mode Decay amplitude

AF — A0zt %(a+b—2c+e+f+g)

A;"—>207rJr %(u—b-ﬁ-e—f—g)

A;r—>2+r[0 %(—a+b—e+f+g)

AF > 80kt (b+d+ 1)

Aj—)pfo (a+c+e)

A;r—>2+n %cosé(a+b—2d+e+f—g)
—%sin&(a+b+d+e+f—g+3h+3r)

AF - 3ty \%siné(a+b—2d+e+f—g)
+%cos§(u+b+d+e+f—g+3h+3r)

g0 - g070 %(7a+d+efg)

20 - A%’ Je(-2atbtetde—f—g)

=0 =—_+

B, —> & m (a+c—e)

g0 — 20y ﬁcos‘;’(a—Zb-ﬁ-d—e—i—Zf—i—g)
—ﬁsins(a+b+d—e—f+g+3h—3r)

g0 - g0y %sin&(a—Zb—{—d—e—&—Zf—{—g)
+%cos&(a+h+d—e—f+g+3h—3r)

80— xtk- (b+d-f)

- =0 1

50— 2K S btetf+o)

gf — 8%t (—c—d+yg)

gf > £tK° (—c—d—g)

Mode Decay amplitude (mod 512)

A:.r—>pK0 (=c—d—g)

Af -kt (—c—d+g)

(continued on next page)
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Table 5 (continued)

Mode

Decay amplitude (mod slz)

E(C)—>E’K+ (—a—c+e)

89— A0k ﬁ(—a+2b—c+e—2f—2g)

g0 — £0k0 Jsa—c—eo

¢ V2
g0 — nr0 Lw-d-p
¢ 72

8) = pr (=b—d+f)

82— nn ﬁcosé(Za—b—d—Ze—O—f—‘ng)
+%sinf(a+b+d—e—f+g+3h—3r)

80— %sin$(2a7b7d72e+f+2g)
7%cosé(a+b+d7e7f+g+3h73r)

a5 - py %cosé(—2a+b+d—26+f+2g)
—%sinf(a+b+d+e+f—g+3h+3r)

gt — py/ %siné(—2a+b+d—2e+f+2g)
+%cosé(a+b+d+e+f—g+3h+3r)

EF > 20kt %(a—c—i—e)

Ej’—) s+ k0 (a+c+e)

gt > A0k %(a—2b+c+e—2f—2g)

gt — pn® %(b—d—i—f)

EF > ant b+d+f)

Mode Decay amplitude (mod s1)

AT — A0k ﬁ(a—Zb—Zc—3d+e—2f+g)

Af — x0k+ %(a+d+e—g)

AF > pn ﬁcoss(—za+b—3c—2d—2e+f—g)
—ﬁsins(a+b+d+e+f—g+3h+3r)

AF = py/ %siné(72a+b73c72d726+ffg)
+%cos&(a+b+d+e+ffg+3h+3r)

A = pr® ﬁ(b-ﬁ-c-‘:—f—l—g)

A —nnt b—c+f+g)

A;"—>Z+K0 (a—d+e—g)

80— =0 ﬁcosé(a+b—3c+d—e—f—2g)
—ﬁsiné(a-ﬁ-b-ﬁ-d—e—f+g+3h—3r)

80 50y —L_sing(a+b—3c+d—e— f—2g)

2V3
+ﬁcosé(a+b+dfeff+g+3hf3r)
(—a—c+e)
%(a+b+c—3d—e—f+2g)
J—a—b+ctd+etf)
(—a+b+e—f—g)

(=b—d+[)
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Table 5 (continued)

Mode Decay amplitude (mod s1)

20— pK~ (b+d—f)

E?—) 2 Kkt (a+c—e)

g0 — g0k0 (a—b—e+f+g

Ej—)pfo (a—d+e—g)

gf —» gkt b—c+f+g

g > A% ﬁ(a+b+c+3d+e+f—2g)

EF > oty

gl —» =ty

gf —» xtn0

%(u—b—c—d-ﬁ-e—f)
Teost@+b—c—d—e—f)

g e _
+ﬁs1n$(a+b+d e— f4+g+3h—3r)
%sing(a-‘rb—c—d—e—f)

2L os e _
ﬁCOSS(a+b+d e—f+g+3h—3r)
ﬁcosé(u+b+3c‘+d+e+f+2g)
—%sinS(a+b+d+e+f—g+3h+3r)
ﬁsiné(a+b+3c+d+e+f+2g)
+%cosé(u+b+d+e+ffg+3h+3r)

%(—a—i—b—c—d—e—i—f)

Table 6

Decay amplitudes of B, — B1gP modes in the SU (3) g limit.

Mode

Decay amplitude

Af =m0
AF - =07t

AT - =y
A(‘!‘ N 2*+n/

AT > ATTK~
AT - 50kt

—%(20(—54—2)/4-5)
I(Za—ﬂ+2y+6)

3«/_cosg(Zot B —2y —36)
§1n§(a+ﬂ—y+3k)

3«/_smé(Zof B —2y —35)

+3cos§(a+ﬂ—y+3k)

(B+9)

HB-2r -9

%(ﬁ+8)

3\[cos&‘( 200+ B —4y +36)

+3sm§(a+l37y+3)u)

3\[smé( 20+ B — 4y +36)
3cos$(a+ﬂfy+3)»)

TeQa—p+2y =9

(=B+6)

ﬁ(Zo{—ﬂ-‘rS)

FB+2r=9)

(continued on next page)
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Table 6 (continued)

Mode Decay amplitude
8> g at %( B+35)
- 0
aci—> E*:)'K %2
) gx0+ ——==
El - B%n ﬂa
Mode Decay amplitude (mod s%)
+ + 0 _ 2
Al —> ATK ﬁa
+ 0+ 2
Al — AK ﬁa
Ef > Attn— (—B—26)
CHE S N
¢ — Aty ¥ cosé(2a — f+7)
+%sm§(a+/3 y +31)
Bf - Aty Tsmé(Zot—,B-i—y)
—%cosé(u-ﬁ-ﬂ—y—t—SA)
Ef - A0rt %(—ﬁ+2y +8)

g8f - ata0

gf —» =0kt

2
75(V+8)
ﬁ(Zm—ﬂ-ﬁ-ZV—l—é)

0_, »+0g0 ﬁ(Za—ﬂ—i—Zy—E)

80— atas HB+2y =)

B0 A~ nt (=B+9)

B) > skt %(fﬁ +6)

0 0.0 2 _

— A0z 77+

E? — A% 40055(2{1 —-B+y)
+5sing(@+ B —y +32)

20 A0y Y singQa —B+7)
7%COS$(Q+/37]/+3)\,)

Mode Decay amplitude (mod s1)

+ +.0 2

A = At ﬁ(a+y+5)

A — A0+ \%(20{—/34-2)/-1-8)

AF > ATy —*/Ticosf(a-i-ﬂ—y)
—%Sinf((x-‘rﬂ—}/-i-:”\)

Af - Aty —*/Tisin%'(a-i-ﬂ—y)
—%cosé(a-ﬁ-ﬂ—y—o—?a)»)

Fo metg0 %(205—5—3)

AF - 20+ \/Lg(—za —B+2y+96)

AT > ATt~ (- 5—5)

Izt cosé(—4a — B —2y —395)

3f
-3 Sm&(a+ﬂ —y +31)
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Table 6 (continued)

Mode

Decay amplitude (mod s1)

EF - oty

[=F

- A+f0

E+ — g0+

o Attg-

- E*+7T

=+ —>E*0 +

%ﬁ sin&(—4a — B — 2y — 38)
+%cos$(a+,3 —y+31)
ﬁ(2a+ﬂ—27—8)
%(—20{4—/34-8)
(2 p =2y —5)
(B+3)
B2 -9
%(—20{4—/3 —2y +9)
R B2y +0)
écosé( —20 4+ B +2y —36)
2‘[ siné(a+pB—y +3%)
5 smé(—Za +B+2y —368)
+2Tﬁ cosé(a+pB —y+31)

80— s*tn HB-2r+9)

80— z* gt %(ﬂ —8)

g0 gkt HE-0

80— ATK™ %(ﬁ—Zy—i-(S)

80 — 5070 2%(—2& +B+2y —35)
Table 7

Decay amplitudes of 3. — BgV modes in the SU (3) f limit.

Mode Decay amplitude

AT = A0pt ﬁ(a/—i-b/—Zc/—i-e/—i-f/—i-g/)
AL — 20t H@ b+~ =g

AF —ztp0 AR A O

AT > =19 (—d' =\ —hy)

A?epf*o @ +c+e)

AL — B0k ® +d + f)

AF > Tt L@ b e+ f g + 2 42
g% - 2% (=b'+f =W +r)

E? 2 pt @+c —é)

—_ = 1

80— 20,0 J—E(—a'+d/+e’—g’)

g0 - 20 L@ +d —e +g +2 —2)
80— AOK*0 ﬁ(—m’ +b 4+ +2 — f—g)
80— mtg* @' +d —f

_ —+0

- 50 L)

(continued on next page)
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Table 7 (continued)

Mode Decay amplitude

gf — g0t (=c'—d'+¢g")

gf » =tx* (=’ —d' =g

Mode Decay amplitude (mod slz)

AF > pk*0 (=’ —d —¢g)

AT > nk*t (= —d' +¢g"

80— mmk*t (=a' = +¢)

g0 — A0k*0 Jed 2 = e —2f 2
E?—) >0 g*0 \/Li(a’—c’—e’)

80— n¢ (@ —e+g +n—r)

82— pp (b —d' + )

g9 — npo %(b/ —d —f

20 > now (b —d + f =20+ 2
F - po P +d + f 420 +2r)
gt — AOg*+ %(d’—Zb/-l-c/-‘re/—Zf’—Zg’)
gf > 20x*+ %(a’fcure’)

g >3tk @+ +e)

el > po (—d' —e' +g' —h' 1)

gl — po° W —d' +f))

B —np" @& +d + )

Mode Decay amplitude (mod s1)

At — AOg*+

ﬁ(a’—Zb/—2c’—3d’+e’—2f’+g')
%(a’-‘rd’—l—e’—g’)

(@ —d+e—g)

(—a' = —d' —e —n 7"
SO+ +g)

B =+ f+g)
W~ + f g +2h +2r)
1@+~ +d —e — f+2h =2

%(u’-ﬁ-b’-ﬁ-c’-ﬁ-&i’ —e — f +2¢ + 61 —6r')

(—=a' = +¢€)
sR@ b +c =3 =~ 4 2g)
]?(7a’7b’+c’+d/+e/+f/)

%(2a’+2b’ — =2 —2f +g +30 =3¢

«/Ti(_c/_g/_h/_i_r/)
@+c —é)
@—-b—e+f+g)
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Table 7 (continued)

Mode Decay amplitude (mod s1)

B> xtp— (=" —d" + [

uc*PK*f W' +d —fh

50— k" (—a/ +b/+¢ = f' =g
Ef >zt 4(a/+h/+c/+d/+e/+f/+2h/+2r/)
T At %(a/—&—b/—i—c/+3d’+e/+f’—2g/)

EZL — 20p+

%(a’—b/—c/—d’-i-e’—f’)

=+ + .0 1o BV T ’
S>Xp ﬁ(a+b d—=d -+ 1)
&3ty  +g - —r)
Ti_}pf*o (a/—d’-i-e’—g/)
Ej’—)EOK*+ (b/_c/+f/+g/)

Table 8

Decay amplitudes of B, — BjgV modes in the SU (3)  limit.

Mode Decay amplitude
AF — o0 —%(2&’—,3’—0—2}/’4—8’)
A > T 1703/ -8 —2))
AT - o0+ f(za — B +2y'+68)
AF — AtT K B+
AF - atx? FE+)
AL — BOKT FE -2 =)
Al - T e+ =2y =8 4
gf o st 2o
EF — 5 0,pt f%a’
20 »0K*0 Je @ =B 2y =)
g2 — g*0p0 ﬁ(zo/ —B'+3)
g0 - g40¢ %(ﬁ/ —2y' 8 +2)))
80 m¥tK* %(—ﬂ/ +2y" =8
g0~ & pt B+
8) - @ k*t (—B' +48)

0,

[

%(—20/ — B+ +41)

Mode Decay amplitude (mod sj 2
Af — AtE0 -5
A — AOg*t %o/

T At f(a +21))

=+ — E*OK*+

%(201 B +2y'+6)
(continued on next page)
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Table 8 (continued)

Mode Decay amplitude (mod s7 2
Ef > Attp— (=g =98
"‘+—>E*+K*0 %( ’3/ 8)

gl > A0t T(fﬁ +2y +8)
28— Aty Z'+8)

gt - Atw [ (=" +y'=2)))
20— 2% NETET Y
20— A% 2@+ 1)

g2 — o 0k0 e = 42y =8
20 > At R+ =)
20— A pT (—B' +5)

g0 — w*- g+t %( B +8)

50— %" ey 48

Mode Decay amplitude (mod s1)
AF > ATp0 %(a’—ky/—i-s/)

AY > Atg %(—20/ —28 42y —3))
A = A0pt %(20/—5’4—2)/'-‘,-8’)

R =)
(2 =B 2y 48
(- =38

%(u' +B —y +6M)
T8 =2y =8 +4)
%(—20/ + 8 +98)
ﬁ(Za/ +8 =2y = ¢
% (=2a/ — B/ =58 —2)))
% (=20’ + 8 =2y’ =8
B +8)

=2 =8

21% Qo +38" =2y’ — 5§ +8)
% (20" + 8 =2y" +8)
R 2 +8)

21? (=2d' + B/ 42y’ —38)
ﬁ (—2a/ — B/ 42y =8 +4)
R+ =2y 48

1 ’ ’ /
ﬁ(ﬁ -2y +38)
ﬁ(ﬁ —38)

—

2 ’
Wl
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Appendix B. Symmetry relations

1. Isospin relations are listed following.
(1). Charmed baryon decays into one light meson and one octet baryon:

AEF - E% ) + AEY - 2777 + V2AEY — 2°%2% =0,

AEF - =K + AE” —>2+K ) + V2A(E? - =°K") =0,

V2AES — Zon+)+x/—A(ac - 2+n°)—A(52—> Tt
+2AE) —» 270 — A(E] » Tt ) =

25

(B.1)
(B.2)

(B.3)

V2AES - 2%k N - AES - 2Tk - AEY - =7k —V2A(E? - k%) =0,

V2AEF - pr®) — A(ES - nnt) — AE? - pr7) — V2AEY - nn) =0.

(2). Charmed baryon decays into one light meson and one decuplet baryon:

ANF - =570 — AAF - =91 =0,

AN - ATKY) + AWM - Ak Ty =0,

AEF — Atng) — A(BY — A%g) =0,

VAT — Atx 0)—fA(A+ Aty + A(AF — At ) =0,

\/_A("0—>A+7r ) — A(E; O 5 A~ 7r+)+«/—./4("0 A%z =0,

A(Ej—>A++n )—«/_A(”+—>A0 +)+x/—A("‘+—>A+ 0)_ 0,

AEF - 2K) = V2AE" - UK°) + AE? — =*TK ) =0,

A(ajea*°n+)+fd4(ac 2079 - AEY - g nh) =0,

V3AEF — ATEY) — AES — ATTK) — fA( =A%)
+V3AE) > ATKT) =0,

V2AES - =0k T) + AEF —» =K% — V2AE? - =0k0)
~AEY - KT =0,

fA(Ej—)AJFJrn_)—l-\/_A(E:F—)AJ“nO) V2AEY - A7)
+/3AEY - A%7% =0,

AEF > AT ) +VBAES - A7) —VBAE > At ) —AEY > A

(B.4)
(B.5)

(B.6)
(B.7)
(B.8)
(B.9)
(B.10)
(B.11)
(B.12)
(B.13)

(B.14)

(B.15)

(B.16)

H=o0,

B.17)

V2AET - A%t — AT - AT2%) — V2AEY - At ) — AEY - A%0) =0,

V2A(ES —» 507) - V2AES —» o 70) — ABY > o* 7)) + 24(E) —

+AEY - =¥y =0.

2. U-spin relations are listed following.
(1). Charmed baryon decays into one light meson and one octet baryon:

A(E? - %K) + A(E? - nK") =0,

(B.18)

E*OH,O)

(B.19)

(B.20)
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AAF — ne) — A(EF — 2°%kT) =0,

AAF = nKT) —sin? AES — %) =0,

AAS — pK®) —sin?0A(EF — ST =0,

AAS — =TK% — AES —» pE) =0

sin? QA(E(C) > E ) =— sm9A( - ah)= smGA( E K™
=—AE" - =7K™T),

sin? 0 A(E? - £TK ™) = —sin0AEY - =Tz 7) =sin AEY —» pK ™)
= —A(.:C — p7),

sin A(A} — nr ) AN} = nK™) —sin? 0 AAS — EOKT)

sin? 0 A(AF — pK )+A(A+ — pKO) —sinfAAf - =TK0) =

V2sin? GA(aC — B%% + smG.A( — 2%% + «/—A( — nrro) =

V25in? 0 A(E? - E%7%) — s1n9A( — 1K)+ V2AE > nn®) =

sin@A(Eg %0 + sm@.A( T — EO_O) — x/_A( ) 5 2079 =

sing A(EY — "‘OKO) V25in2 9 A(E? - K°) — fA( N 201(0) =

V25in2 0 AE? - K + V2AE" - =°K0) + sin0 AE? — nK ) =0,

\/EsmeA(“ r O)—i—.A( — ZOKO)—f-A( —>nn0)—

sin? OAES — B0ty — sind A(Ef — 20Kkt + AN - nr™) =0,

V2sin A(EF — 2%7) — V2AEF - 'K + A(ES - net) =0,

sin20AES — 2TK) + AEF > £TK°) —sin0 A(EF — pK) =0,

V2sinb A(EF — 270 + A(EF —» STK0) — V2AES — pr¥) =0,

V2sin? 0 AAF — 207F) — V2sin AN — SOKF) + AEF - nt) =0,

V2sinAAT — 2°KH) + AAF — nkt) —V2AET - 2%k 1) =0,

AAF — nKT) +sin? AAS — B'KT) —sind A(EF — E°K ) =0,

sin? AN} — EOKT) + V25in0AEF — 2%7F) — V2A(EF — 2%k F) =0,

AAF = nKT) —sind A(EF — E°KT) + A(ES — n™) =0,
V2sin? 0 AAF — 207) +sin0 AAS — nrt) — V2AET - 2k ) =0,
sin? AN — pfo) + AN — pk0) — sind A(E — pfo) =0,
sinAAF — pK)) — AAF — =TKO) +sind AES — =TK) =0,
sin20AAT — pK ') +V2sin0 AES — TT7%) — V2AES — pr®) =0,
V2sin0 AAF — pr®) + AAF > pK®) — V2AEF - pr®) =0,
V2sing A(AF — pr¥) — V2sin? 0 AAF - =H7%) — A(EF - =1K0) =0,
AN} > pK®) +V2sin? 0 AN} — £F70) — V2sin0 A(E} — 2720 =0,
V2sinl? 0 AN — 7% +sin0 AN — STKO) — V2AES — pr®) =0,
sin? QA(Ag' — A7ty — sind A(A] — AYKT) — sind A(Ef — A’z
+AEF - A’k ) =0,

(B.21)
(B.22)
(B.23)
(B.24)

(B.25)

(B.26)
(B.27)
(B.28)
(B.29)
(B.30)
(B.31)
(B.32)
(B.33)
(B.34)
(B.35)
(B.36)
(B.37)
(B.38)
(B.39)
(B.40)
(B.41)
(B.42)
(B.43)
(B.44)
(B.45)
(B.46)
(B.47)
(B.48)
(B.49)
(B.50)
(B.51)

(B.52)
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st.A(A+ — png)—sm 9.A(A+ — Z+ng)~|—sm9.,4( — ZTng)— A(u — png) =0.

(2). Charmed baryon decays into one light meson and one decuplet baryon:

V2sin A(AF — =9 F) — AAF - A7) =0,

sin A(EF — 2Kk + V2AEF —» =9k T) =0,

sin A(EF — ATTK ™) — A(Ef — AT ) =0,

AAS — KO + AES - ATE) =0,

A — ATKD) +5in 0A(EF — TK) =0,

V2sin0 A(AF — £97F) + A(EF - YK T) =0,

ANF = 29K ) + AEF —» =% ) =0,

sinf AAT — A% F) + V2A(EF — 2*0K+) =0,

ANF — AKT) +5sin20AES — 807 F) =

\/ESiIIZOA( =0, 3w 0g° )= 31n9A( — AOK ) = s1n9.A( — 29k9)

= V2A(E! - =K9),

sin? 0 A(E? — 'K ™) =sind A(E? - "7 7) =sind A - ATK ™)

= A(TO — Atr),

24/3sin? 0 A(E? 1) =V3sin0AEY - B KT = ZA("O — A" h)

(B.53)

(B.54)
(B.55)
(B.56)
(B.57)
(B.58)
(B.59)
(B.60)
(B.61)
(B.62)

(B.63)

(B.64)

3sin0A(E; 0 5 % x +)—2\/_.A( —>Z*_K+)—2sm 0A(E, O 5 QKM

V2sin0AAT — =70 — V2ZAAS — AT0) —sind AAF — ATED) =0,
AAS — =K% — AAF > ATKD) —sin20AAF — ATEY) =0,

sin? AAT > 207 T) —sin0 AN —> 0K T) + V2ANS > A’KT) =0,
sinf AAT — =07 F) + AAF - 0K+ — V2sinb AAF - B0KT) =0,
V2sin? AN — =07) —sinf AN} — A% ) —2AAF — APk ) =0,
V2sin? 0 AAF — £0%7F) + AT - A'KT) —sin?0 AAF — EFKT) =0,
V2sin AN} - £OKT) —sin AL — A7) —24AF - APKT) =0,
V2AAF - SOKT) + AAF — A7) —2sin0 AAF - VKT =0,
V2sin A(AF — SOKT) — A(A+ — A'KT) —sin? 0 AN} — ’;‘*OKJF) =0,
sin? 9./4("‘0 2970 —sing A(E? — 7% + A(E? — A7) =

sin® 0 A(E? — =g’ ) —sin? QAEY - 8°9%0) + AEY - A% O) =

sin 9.,4( - »0g° ) — ﬁsm@fl( — 2070y +2.A('“0 — A% 0) =

sin? 0 A(E? — 2*0ng) — fsm@A(aC — 5 08) + A(BY —» A%g) =0,
sin20A(EF — TKY) + AEF — = K0) — sing AES — ATK") =0,
V2sinBAE; — ¥ 7% — AES - T K%) — V2AE! > ATr0) =0,
sin? 0 A(EF — E¥7) +5in0 A(ES — 8k 1) — A(ES — A7) =0,

(B.65)

(B.66)
(B.67)
(B.68)
(B.69)
(B.70)
(B.71)
(B.72)
(B.73)
(B.74)
(B.75)
(B.76)
(B.77)
(B.78)
(B.79)
(B.80)
(B.81)
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sin? QA(EF — %) —sin A(E — %) + AES - A% h) =0, (B.82)
sin QA(ES — E*% ) + V2AEF - =9k ) — A(ES —» A% ) =0, (B.83)
sinfAE} — BKY) +v2sin0AEF - £07) —2AEF - A%7F) =0, (B.84)
sinfAEF — =071 + AEF - =K T) — V2AGEF - A7) =0, (B.85)
2sinbAEF — %) + AES - k) — V2AES - =07 =0, (B.86)
V2 sin? AN — >0y — sin A(A — K0 + «/EA(E?' — Atz =0,
(B.87)
V2sin? AN — =70 — V2sin A(AF - AtTR%) + A(EF - =*TK0) =0,
(B.88)
V2sin’? 0 AN — 5520 — AAF - ATK®) + V2sin0 A(ES — %) =0,
(B.89)
sin A(AT — =*TK%) — AAS — ATK?) + A(EF - =*TKk%) =0, (B.90)
V2sinfAAT - Atr0) — AAS —> ATK®) + V2A(ES — AT%) =0, (B.91)
AAS — ATKY) +5in 0AAF — ATE?) +sin0 AES — ATE") =0, (B.92)

sin20AAF — AYKD) +V2sin0AES — 1% — V2ZAES — AT7%) =0. (B.93)

3. V-spin relations are listed following.

(1). Charmed baryon decays into one light meson and one octet baryon:

AEF — pr®) + VBAES — png) + AEF — 20k +V3AES - A’k ) =0,

(B.94)

V2AMF - nKt) —=V2AEL - 7K — AEY - nn) — V3AEY - nng) =0,
(B.95)

2W2AMF = pK®)—2V2A(EY - pr)—AEY — 29k —V3AE? - A’k =0,
(B.96)

V2AAF = SOk + VAN = APKH) + V2ANS — pr®) + VAN — pig)
+2AE > E7KY) — AE? > 2070 — «/—A( ) 308) — V3AE? - A7)

+3A(E? — A%s) + 24" - pKk ) =0, (B.97)
V2ANS = 2071 + VOANS — A7) —24AAF — pK )+2A(ES — &)
+V2AE - 2°K°) + V6AE? — A'K’) = (B.98)
V2AAF - 520 + JEA(Aj — Tng) — 2A(AC+ E°K+) +2A(E? - =TK™)
+V2AE? — E%7°) + V6AE? - E%8) = 0. (B.99)
(2). Charmed baryon decays into one light meson and one decuplet baryon:
AEL — 7% — V3A(E) — =*g) =0, (B.100)
AEF - AT 7)) = VBAE - = K%) =0. (B.101)

AN} - ATK®) + V2AE - 50k%) — AE? - ATrT) =0, (B.102)
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WOANS — Atng) —4AEL — =970 + 348 — 2 k1) =0, (B.103)
2A(EF —» KT — A(E} - ATn%) — VBA(EF - ATig) =0, (B.104)
AAF - ATTKT) + «/—A(Aj — 8K + V3AE? - K T)
+AE? > QK1) = (B.105)
NG A(A+ = 70) +f 3AMNF - 2K + V6AE - 070
~AEY s @ k) = (B.106)
Ve A(A+ 2*+ns)+A<A+ 2K ) + VOA(E! > E*g)
+V3AE! > QK1) = (B.107)
fA(Aj—> z*0n+)+A(A+ ATE?) + V2AEY — =9K°) + AR — B 7 )
=0, (B.108)
V3AAF — KO — A(A;L — ATTr7) + V3AE? - EK0)
—V3AE? - =) = (B.109)
V2AAF - A'KT) + IA( — 2 KT) — AEY - A%%) — VBAE! » A%g)
=0, (B.110)
V3AAF — =570 + IZA(AC+ — ATTKT) —VeANS — 20Kk T)
+3AA} — ¥ ng) = (B.111)
V3AE? — 24979 +fA( - 2K —V2AEY - Q k)
+3AEY - E*98) =0, (B.112)
VOAEF - 2kt — V2AES - ATTKT) = VBAEF - = x0)
—3AES — X*ng) =0, (B.113)
VAWM - =% — AWM - 2 ng) +V3BAE? - 070 — AE? - 20n5) =0
(B.114)
V2ANF - ATr%) —2V2AAF - 0Kk ) + 3«/—A(Ac+ — Atng)
+ AEY - B KT) 4 24(EY - ATK ) = (B.115)
VAN —» =0 —AAF > E*+ns)+«/§A(EC — E*070) — AEY - 2*%;) =0
(B.116)
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