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Topological amplitudes of bottom baryon decays in the SU(3)y limit*
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Abstract: Motivated by the first observation of CP violation in baryon decays, we study the topological amp-
litudes of bottom baryon decays in the SU(3)f limit. The topological diagrams of the charmless two-body decays of

bottom baryons are presented in detail. The linear relations between topologies and SU(3) irreducible amplitudes are

derived through tensor contraction and SU(3) decomposition. Four amplitudes among the 13 independent amp-

litudes are critical to the CP asymmetries. The small CP asymmetries might indicate small relative strong phases

between amplitudes A, and A’12,1 4- To avoid them, we suggest measuring CP asymmetries in the Eg — pK~ and

g, - AYK~ decays. Furthermore, the Korner-Pati-Woo theorem can be tested by measuring the branching fractions

of the A2 — ZOKg and A(b) — X7K* modes.
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I. INTRODUCTION

Bottom baryon decays play an important role in
studying perturbative and nonperturbative strong interac-
tions, extracting the quark-mixing Cabibbo-Kobayashi-
Maskawa (CKM) matrix elements, and searching for new
physics beyond the Standard Model. Compared with the
bottom meson decays, the non-zero spin of baryons
provides opportunities to study decay dynamics via more
observables beyond branching fractions [1-10]. As bot-
tom baryons are increasingly generated at the Large Had-
ron Collider (LHC), several charmless decay channels of
bottom baryons have been observed in experiments
[11-20]. Very recently, the LHCb Collaboration has re-
ported the first observation of CP violation in bottom ba-
ryon decays [21]

Acp(AY > pK ') = (2.45+046+0.10)%. (1)

It is a milestone in particle physics as CP asymmetries are
well established in meson systems [22—25], whereas CP
violation in baryon decays has not been observed until
now.

From a theoretical perspective, the QCD in baryon
non-leptonic decays are complicated owing to the pres-
ence of three valence quarks [26—30]. Because of the ab-
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sence of nonperturbative input, only a few decay chan-
nels can be calculated in the QCD inspired approach. To
extract the decay information of bottom baryons, it is sig-
nificant to analyze the topological diagrams in the flavor
SU(3) symmetry. A topological diagram provides an intu-
itive description of the dynamics of heavy hadron decays
and a theoretical framework that allows not only model-
dependent data analysis but also model calculations. The
topological diagrams of charmed baryon decays have
been widely analyzed in recent studies [31-38].
However, the topological amplitudes of bottom baryon
decays have not been systematically studied so far.
Topological diagrams in heavy hadron decays can be
formalized as invariant tensors constructed from four-
quark operators and initial/final states [39], allowing us to
study topologies with mathematical tools. Owing to the
different spin wave functions of the ¢, & ¢, symmetric
and antisymmetric octets 85 and B, the topological dia-
grams of baryon decays into octet baryons have two dis-
tinct sets. Furthermore, the relations between topological
diagrams and SU(3) irreducible amplitudes are not evid-
ent, as the topological amplitudes of the 8,5 — BsM de-
cays are constructed from third-rank octet tensors, where-
as SU(3) irreducible amplitudes are constructed from
(1,1)-rank octet tensors. In Ref. [40], we established a
framework to analyze the topological amplitudes of
charmed baryon decays in the SU(3)g limit. In this study,
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we extend this framework to the bottom baryon decays.
The linear relations between topologies and SU(3) irredu-
cible amplitudes are derived through tensor contraction
and SU(3) decomposition. Among the 13 independent
amplitudes contributing to 8,3 — BsM decays, four amp-
litudes associated with three-dimensional irreducible rep-
resentations are critical to the CP asymmetries of bottom
baryon decays. Recent measurements of the CP asymmet-
ries of the AY — pn~ and AY - pK~ modes [20] have in-
dicated small strong phases between A, and Aj, . To
avoid the small strong phases, we suggest measuring CP
asymmetries in the E) - pK~ and E; » A°K~ decays.
Furthermore, the Korner-Pati-Woo theorem [41, 42] can
be tested by measuring the branching fractions of
A) - 2°K) and A) - X K* decays under isospin sym-
metry.

The remainder of this paper is organized as follows.
In Sec. II, we present the topological amplitudes of bot-
tom baryon decays in the SU(3)r limit. The phenomeno-
logical analysis of the topological amplitudes is presen-
ted in Sec. III. Sec. IV provides a brief summary of this
paper. The SU(3) irreducible amplitudes constructed by
the third-rank octet tensors are discussed in Appendix A.

II. TOPOLOGICAL AMPLITUDES OF BOTTOM
BARYON DECAYS

The effective Hamiltonian of the b — uiig transition is
given by [43]

Hoa= T Vv (Y cronor)
i=1

q=d,s

Vv, (Yo )

2
i=1

Gr

10
75 {v,hv;‘q ( > Cilw0iu)
i=3

q=d,s

+C7y(#)07y(,u)+csg(/l)08g(ﬂ))}+h.c.. @

The magnetic-penguin contributions can be included in
the Wilson coefficients for the penguin operators
[44—46]. In the flavor SU(3) limit, the weak Hamiltonian
of bottom decays can be written as [47]

3
k k g g k k
Hep = > _{(HOW +HOOO +HP'ODY,  (3)

i, jk=1

where O, 0, and O denote the four-quark operat-
ors including the Fermi coupling constant Gr and the
Wilson coefficients. The superscripts u, ¢, and p are used
to distinguish the tree operators O3, O\ and the pen-

guin operators Os_jo. Indices 7, j, and k are flavor indices.
The color indices and current structures of the four quark
operators are summed into O, 0, and OF". The
matrices H*? are the coefficient matrices. According to
the effective Hamiltonian of b — uuig decays, the non-
zero CKM coefficients include

1 1
HY' =V, Vi, HY' = Vv,V

us?

HY =V,V;

cs?

HY =Vl
(p)1 (p)2 (p)3 *
Hllz) = Hzg = H3’2) ==V Vy,

(P _ (P2 _ gf(p)3 _ *
H13 = H23 = H33 = _Vrszs- (4)

Similar to the effective Hamiltonian, the initial and final
states, for instance M, can be written as

M%) = (M"Y 1M, (5)

where |Mj.) is the quark composition of the meson state,
|M§) =1q:g,), and (M) is the coefficient matrix.

The decay amplitude of the B]; = B{M” mode is con-
structed as follows:

AB); = BiMP)
= <BgMﬁ|7_{eff|BZ§>
= > (B MBI MY, (M, | HE, 00, (B[ By31r)

= (BIMJ00,|[By5)rs) X (B (MPY, HE, (B,

m*“np

= ZXw(Cw)aﬁy- (6)

In the above formula, ), represents summing over all
possible full contractions. X, = <B§]kM,’n|OZ,,|[Bb§]rs> is the
reduced matrix element, and (C.)p, = (8" (MP),,H,
(BZS)” is the Clebsch-Gordan (CG) coefficient. Accord-
ing to the Wigner-Eckart theorem [48, 49], X, is inde-
pendent of the indices a, f, and y. All the information
about the initial and final states is absorbed into the Cleb-
sch-Gordan coefficient (C,).s,. There are two different
octets with symmetric and antisymmetric flavor wave-
functions under g, < ¢,. They are labeled by 8§ and B
and their flavor and spin wave functions are ¢gys and
daxa, respectively. The total amplitude for the B,; —
ByM decay is obtained by summing the amplitudes of the
B,5 — Bi M and B,; —» BiM transitions,

ABy5 = BsM) = A (B3 > BIM) + A (By5 > BIM).
(7
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The topological amplitudes for the 8,5 —» BsM de-
cays are similar to those for the B85 — B3M decays,
which have been studied in Ref. [40]. Hence, the details
of the model-independent analysis of topological amp-
litudes are presented in Appendix A. The difference
between the B,; — B3M and B; — BgM decays is that
the d- and s-quark loop dlagrams in the Bz — BsM de-
cays are identical under the SU(3)r symmetry, whereas
the u- and c-quark loop diagrams in the 8,53 — BsM de-
cays are distinct, as the ¢ quark is not a basis of the fla-
vor SU(3) group. Hence, the charm-loop amplitudes in-
duced by operator O\ are presented explicitly in Ap-
pendix A.

To derive the linear relations between the topological
diagrams, in which the baryon octet is written as a tensor
with three covariant indices, and the SU(3) irreducible
amplitudes, in which the baryon octet is written as a
tensor with a covariant index and a contravariant index,
the key step is to determine the relation between the two
different tensor representations. As noted in Ref. [40], the
third-rank tensors (85)7 and (8;)/* are expressed in

terms of the (1, 1)-rank tensor (Bg)j. as

1

BS ijkzi
(8s) Ve

ElBY + (B . (BYK = — il By)k,
[1Bs)] +7(By)]] . (B}) 7 @)

(®)

One can verify that the indices i and j are symmetric in
(B3)* and antisymmetric in (84)7*. The detailed deriva-
tion of the linear relations between the topologies and the
SU(3) irreducible amplitudes is shown in Appendix A.

The topological amplitudes of B,; — BsM decays are
presented in Tables 1-8. We use the superscript P to dis-
tinguish the penguin-induced diagrams from the tree-in-
duced diagrams. The decay amplitudes constructed by
(Bg)j are listed in Tables 9 and 10. Note that the tree-in-
duced amplitudes A;s~A;g3 and penguin-induced amp-
litudes AY and A7, do not contribute to the bottom bary-
on decays. One can verify that Tables 9 and 10 are con-
sistent with Tables 1 to 8 using the decomposition in Eq.
(A12). For example, the topological amplitudes contribut-
ing to the A — pn~ decay are

AN — pr) = LAy — LA, = 1,(Ay +Ap) + LA — LAY + AL + AT, + 3AT,

_ %/L,(af 205 +d5 —a, —ds +2a5 — a3 —ai +2a5 +3aS, +ajy —2a}, + a5, +3a3,)

+ %(_a?A +ash +agt +2a¢") - 7(0‘ S 245 + a5t +3a5%)

B %l’(‘“g’p P 4dy’ —ag" -y +ay’ =2d —al +ard + - aiy +ay +ao” = 3ay + 357
+3a5) +2d +2a5 +64d5)) - %ﬂ( 20,7 +ay" +ay’ —ay’ + 20 —a) + ayt = 2ay” + ay”

S.p
—3a“ +3a12 +3a}; +a18

Moreover, one can verify the isospin relations derived in
Ref. [50] and the U-spin or SU(3)g relations provided in
Refs. [51—54] using Tables 9 and 10.

The linear correlation of decay amplitudes contribut-
ing to the B,5 —» BsM modes in the Standard Model is
beyond the model-independent analysis in Appendix. A.
The nonzero coefficients induced by tree operators 0(1”; in
the SU(3) irreducible representations are

H(6)" = -V, Vi, H(6)"? =V, Vi,
HA5)W' =3V, Vi, H15% = -2V, Vi,
H(15) ==V, HU5Y' =3V,V,

H(15)% = -2V, V2, H(15)%? = -V, Ve,

2(119 +a20 +3a21 +3a23

P
—6a5) + 3a25 +9a26 ).

)

H"3)y =V Vg H"(3)3 = ViV, (10)
The nonzero coefficients induced by tree operators o'} in
the SU(3) irreducible representations are

HB)Y = V4V,  HBY =V,Vi. (11)

The nonzero coefficients induced by penguin operators in
the SU(3) irreducible representations are

HGB)Y =~V Vyy,
H(3 )(P)

HB,)Y = -3V, Vi,

VoV, HQB)Y =-3V,V..  (12)
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Table 1. Topological amplitudes of = 0 decays into 8§ M from the » — d transition.

Channel Amplitude
1 1
5, -0 TAC(afc+a2 —2asc—3as C)—7/l,(a ’p+3a 3a5 ”—3aS p+af8p+a‘f§p+a2 243 ’)—3a‘;ip
2vV3 2v3
S.p Sp_ Sp_ Sp Sp Sp Sp S.p
+3a2 +3a2 6(12 =9a,s —2a3" —ay —ds” +2a" +a7" +ag’t —2ay™")
1
S S S _n,S
+2\/§/lu(a 3al4+a18+a19+a2 2a20 3a21 2a3)
1 1
5, -2’ —ﬁﬂf(afc+a2 —2asc—3a5 )+ 2—\/3/1,(01?"’+3a11p 3“1 3a13p+a‘?8p+af9p+az’p 2aSp 3a5P
S.p S.p S.p Sp_ Sp_ Sp Sp, Sp, Sp S.p 1 S S S _n.S _3.8
+3a2 +3ay, —6a,5 —9dyp —2ay" —a," —agt +2a" +a;t + gt —2ay )—2\/§/lu(3al3+alg+a19 2a5, - 3a3,)
L sc  se 1 Sp, Sp, Sp. Sp_ S s
== - L _ S.p_ S.p _Sp P
E, 2Xng /1(,.(a1 ay’ +a4 Yt = /l,( a; a; +a12 +a13 +a18 ayy +a,
S.p Sp_ Sp, Sp_ _Sp _1 S s _ S S
+d,; +3a2 3a2 +3a2 a,” +ast +a; ag™) 2/1u(al3+a18 ajyt+ay)
1 S.c S.c S.c S.c S S
- _ _ A8, P S.p S.p Sp_ a2, S.p Sp_ Sp S.p
E, - X —\/i/lc(a1 ayt—a, =35 )+—\é/1,( ajy +dyy +a)y +3a)y —3d)g +3al7 djg —a,
Sp . S Sp, Sp_ Sp_ Sp, Spy_ L S _ S .S .S a2
+ay +a21 +3a2 3a2 +3a2 +3a2 +9a2 +as +a4 —ag" —a; +ay") - \/i/lu(an ajg +ay, +ay +3a3,)
B - nk- L2 a8+ a5 - LA -2a5P + a5 265 +aSP —6a5 4350 +3
=p 7N N ay” +ay” +a; N 1 ay +ayg’ =2a," +ay -6, +3ay) az
. p__S ., . 1
+ay p+2a a? "—aép—2a$p+a§p+as Py + \/g/lu(—Zaf —2af8+af9+a§ +a§0+a§)
1 .
- = 0 _ S Sc_ _a,S5.c S.p S.p S.p P Sp S.p S.p S.p S.p S.p
E, 2 EK —\/E/lc( a) +2a2 az 3a, )+7,/l,( 2a,"" =3d\|" +3a7; +3a13 +djg —2d)y +a," +ayy +3ay" +3a,5
Sp o Sp_ S,p Sp_ Sp, Sp S.p . S.p 1 S _n,S S S
—6a2 +3a2 +9ay" +d; a," +2a5" —agt +ayt = 2a" +ag) - Aulajg —2ajy +ay, +3a3)
V6
= 0_— L se  se 1. sp. sp Sp Sp Sp. Sp Sp Sp
B, oA _*’10(“1 -y +ay )_*/lt(“l +ay —a —ayy —ay +ay - ay" - ay; 3“2
+3a3P - 3a ’p+aSp &SP -5 v ad ‘p)—fxl @ +dS,+aS,—aS,—as +as,)
24 26 4 5 7 8 5 uld 14 Tdg = dg —dy Ty
=0 +, 3 S.c 3 S.p_ Sp Sp_ Sp_ ,P 1 S S S S S
B, —> X' %/I cdy’ +%/l,(a1 —ayy —ayy —ay —3ay0 )+ — Ve AuBayy +3ay, —ay —ag +2ay)
20 — 3070 — 2@+ a5 =245 + 345 )—L/l( P35 4365 43057 + a5+ a5 a5
=p & Z\F a ”2 az ay 26 1a) “1 ayy +3ayy +ayd +ay +a,
S.p S.p S.p S p S p S.p S.p S.p S.p S.p S.p
=2a,y +3a,] +3a2 +3ay, —6a,5 +9d,p —2d;" —a, 7a5 +2a +a;" +ag” —2ay™")
1
_ _ — 45—
+7@ u(a +alo+a1I 2a|z 3an+1118+a]9+a2 2“20+3“21 2113 a a8 +2a )
3
=0 0 - _ S _ 2 S.p Sp_ Sp_ Sp_ _Sp S.p
E, —>XVns 6\f( -3 (a ay’ +a4 ) 6\/2/1,(a| +d —ay —ay; a]8 +a|9
S.p S.p Sp Sp_ . Sp_ Sp_ _Sp_, Sp 1 S L S S N
-a, —a21 =3ayy +3d,; —3dyp +a," —as” —dy" +agh)+ Aulay +ajy+aj; —2ai,
6V2
S S S S . S8 S
—3aH 3a18+3a19+a2 3a21 2az +4ay —2a5 —2ag +ay +ag —2day)
=0 0 3 S.c Sc S.c_a Sey_ S.p Sp_ Sp S.p S.p Sp_ _S.p S.p
b= X0 6/16'(”1 ay" —a," =3as") */lt(“n —dayy —dy —3ady, +3”1 3“17 +a +ay” —ay) —ay;
S.p P S.p Sp S.p_ S,P Sp, Sp_ Sp S
—3a,, +3a23 3a2 —3d,g" —9d,;" —dy ayt+agt +art —agt)+ - /lu(a +alo+all 2a12 3“13
+3a15+3a16—6a17+3a18+a2 3(120 3“21 9(152—2a3 2a4+a§+ag+a§+a8 2a9)
1 . 1
=0 . S,c _ S.p S.p S.p
._b—>2 b4 —‘/6/1(-(&1 +a2 +2a ) —‘/g/lf(al +a18 +ayy +a, 2a2 +3a2 +3a2 6a2 2a3
_ S _ Sp Sp . Sp S.p 1 S
a," —ast +2d0" tag +a —2ay") + \/E/l (alo+a11 2a12+a18+a19 2a20
1 . . . 1 ¢
—0 _ _ S Sc_ Sc 5, Sp S.p_n,Sp S.p N P Sp_ Sp
E, — pK —%/IC( a; +2ay" —d; )+—%/I,( 20" +djy —2ayy +dy +a20 +3a22 6a24 +3a25 +ay day
Sp_ Sp . Sp_n,Sp S.p 1 _ _ S S _ S _ S
+2d; ag’ +ag 2ag"" +ay") — \/6/1 (a1 +a18 2a19 2a2 tay, tay —ay a5+2a )
1 . . 1
=0 —0 S, S _n Sy Sp_ Sp, Sp, Sp_» Sp
29— nk \/gxlc(al +ay" —2ay") \/6/1,(a1 +ayg tayy ta, 2d,; +3a2 +3a2 6a2

rSp_ Sp_ Spr Sp_ Sp, Sp_H Sp 1 S S _ .S __S S _ .S
203" —dy " —ast +2a0" Hayt +dgt =20y + —= Au(agg +ajy - 2a5, —ay +2as —ag)

V6

Continued on next page
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Table 1-continued from previous page

Channel Amplitude
p
=0 _, =00 1 Se, 3 sp_ Sp_ Sp 1 S s A5 s
— Z'K %/103114’ + \/é(a“ —a)y —ad; —azl 3a2 Py + %/lu(3a21+a7 —2ag +ay)
1
=0 =t _Sc S, _ S.p S.p S.p
E,2EK —=Ac(—a]" +2a;" — )+ A(—2d; +al 2a19 +a, +a2 +3a2 6a2 +3a,3
V6 V6
1
+a§ P _ +2as P _ 5p+a P—2a‘§"7+ g”) \/g’l“(afo_hlfl +af2+af8—2af9+a§0)
1 . )
—0 0.0 S.c S.c S.p S.p S.p S.p S.p S.p S.p S.p S.p
=Y 5 AV ———A( —dy +a4 ) — /l,(a +ad|"—a)y —d)y —ayg tayy —ay” —ay) -3a
14 2\/5 \/‘
+3a3P —3a ’p+as’p—as’p—as’p+as’p)—L/l @ +ad —ad, -, +a5,—aSy—aS +dS, +as —ad)
24 26 4 5 7 8 2o 10911 43 Tdg T djg T dy Tady Tdy —dg
=0 - A ! — A (aSC—3asc+2aS —a°) - 2357 5P + a5 + a5 —aSP +3a5F
=p 3 4 124y 11 12 13 18 19
2v6 ¢ 26
5P 22d57 + &3P —3a5P + 945 6aSp+3a 2857 + a3 —3q ’p+2a S’p+3as’p—2as’p)
2 20 21 23 24 26 3 4 5 a7 8 9
_ S S _ S _ _ S _ _
2\/6/1 (a1+a10 ay, al3+a18 3019 az+2¢120 azl 2a5+2a6 a7 +a8)
1
=0 0 S.c S.c Sc S.p S.p S.p
=, — Am ——/lc(a1 —ay —a4 =3a5")— —=A(=da}] +a12 +a13 +3a1 3a1 +3a17 —dg
b 2V3 \F
_Sp . Spr S.p S.p Sp, Sp, Sp_ Sp_ Sp,  Sp
a, +a20 +a21 +3d,; —3d, +3a2 +3a2 +9a,; +a; +a4 —dg a;” +ag")
_ S, .S _ .S _ S S _a2.S S _.S_ S S _ .S _
Aula) +ajy—aj, —aj;+3ajs —3ajg+ajg—a; —ay,— az1 3a22+a5 ag a7 +a8)
23
Table 2. Topological amplitudes of A) decays into 85 M from the b — d transition.
Channel Amplitude
p
1
AY — $0K0 ——=2:Q2ay — a3 — a3 )+ ——= (@) = 2a + a5 —2ay 7+ ay) 65y +3ay) +3a50 +ay” +2dy
2V3 23
_Sp_ Sp_~ Sp_, Sp, Sp 1 S .S _ .S _n,S S
ds dag 2a;7 +dg" +ay”) + 2\/5/1”(21118 ajg— a5, —2ay +as +a6 2a7 +a8 +a9)
_ S.p S.p
A2—>Z K* /14-(—2(1 +a2 +a3 )——/lt(al 211l +ayg —2d, +a2 6112 +3a2 +3a2
G G
S.p Sp_ Sp_ Sp_» Sp Sp ., Sp 1 P S S _ 5,8 S S
+ay" +2a, ds dg 2a;" +dg" +ag )+—\/6/lu( 2ay) +aj, +ay, —2ajg +ajy+ay)
1 i ] )
Ag — pn~ %/lc(—af*+2a§ —a3 —3aS N+ \/>/l,(—2a‘;’P—3a‘fi”+3a‘fé”+3a?§p+ 2a19p+agp+a;0p
S, , s S, S, S, S, P ,
+3a p+3a2 6az4p+3a2p+9a2p+a3p 4’7+2a5p 6p+a P 243 p+u9p)
_ S S S _ .S _». S, S S S_ . S_ S S_S_ S S
%/lu((al +3ay, +alg —2ayy —2a; +ay, +3ay, +az —ay —as +2a, —a; —dg +2ag)
1 ) )
A = nn /l (as‘ —ZaSL +a +3a Y+ —/l,(Zaé "+3a5’P—3as‘p—3as’p—a5’P+2as‘p—a5 P
b 3 11 12 13 19 2
_ Sp P Sp_ Sp_  Sp_n~Sp_  Sp_ _Sp S.p_ S.p
s 3a2 3a2 +6a2 3a25 -9a, ay” +ay, 2a37" +ag a;” +2ag ag™)
S S _ .S _ .S _2.8 S _n,S _ S, .S S _ S S
+ Auay +2ay, —ay, —aj, —3aj; +ajg —2ajly—a, +a20+3a21 a; +a4 2a5 +ag +a7 2a8 +ag)
2v3
0 1 Sc_ Sc_ Sey_ 1 S.p S.p S.p S.p Sp_ Sp_ S N S.p Sp
Ay — nng 2(a1 ayt —ay ) /l,(a —dyy —a)y +djg tay —dy; a21 +3a2; —3a,y" —3d,
—aS”’—aS”’+aS’p+aS’p—a Pyt 2 2,2a° +2a5, —aS, —aS, —3a5, +3a5, —as —3as
3 4 6 7 9 5 tuledy 10~ %1 92 13 18~ % 20
S S S S S S S S
—3a21 —a3 —ay +2a5 —ag —a; +2ag —ag)
0 1 Sc_ Sc_ _ S.p_ Sp_ S.p S.p Sp_ Sp
Ay — nmy 7/16((11 ay’ ) 7/17(1 apy —djy tayg +d,n —ayy a21 +3a2
_ _ Sy _ S,p Sp_, Sp_ _Sp S S _ .S __S
3a2 3a26 dy a," tag" +a; ag)+ g/lu(Za] +2a))—aj, —ay,
3,45 S _ .S _2.8 2.8 __S__S S_.S_ S _
3aj; +3ajg —a; —3ay, —3a5, —a3 —ay +2a5 —ag —ay +2a8 a9)
0 0 L S.c Sy L S.p S.p Sp Sp_ S.p S.p
Ay = A KY - /lc(az —a3 —Za )— /l,( ay”t —2ayi +2d)y +2d; a +a20 +2d,; 3a2
Sp. Sp_ Sp_ Sp. Sp L ;
+3a2 +6azp+c13p+a5 a6" 8p+a9p)—§/lu(af9—ago—2a§1+a§—a;§+a§—a3)
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Table 3. Topological amplitudes of = 0 decays into 85 M from the b — s transition.

Channel Amplitude
1 .
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Table 4. Topological amplitudes of A) decays into 85 M from the b — s transition
Channel Amplitude
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Table 5. Topological amplitudes of = ”‘O decays into 84 M from the b — d transition
Channel Amplitude
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Continued on next page
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Table 5-continued from previous page
Channel Amplitude
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Table 5-continued from previous page

Channel

Amplitude
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Table 6. Topological amplitudes of A) decays into B4 M from the b — d transition.
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—E/l“(u”+u]2—a]3—a]8+a2+a20+a2]—2a29+u3+2030—a4+a6—u7+u9)

A

A 2

/lc(a?’c +2a

243

A,p A.p
+a\g +2djy +d

» = 18

A,p A

2

A.p

— A,
e

_ AP _ 5 Ap P Ap
dy 24 +d,

A A
+1120 —a,

. A,c
+ as

tayy —ay

A A, A,p A.p A,p
—ay" =2a 11 % ~453

6+

1 A A
2,2a" +2a7 +a
23 10
A,p
+3ay3
Ap  Ap 1
+2d™" +ay") - ——=
L V)

_h, A A_n A
| —2a5 + a5 —2a5, +a

A,p

A,p
dy3

A,p A
oy

P 2, AP _Ap_~5 Ap_ o Ap
+3 + 6 3ay, —2d,5 —aj 2a5; — 643

A

AL A _ A A A
Au(ay; +ay, —aj; +afs +2ai, + a5

A_ AL A_ A
4~ ta7 —dy

)

243

A,p
+a18

A,c A,c
Ah—)nm /lc(al +2az +03

Ap A,

P Ap
+2d1y +ay," +a

Ap _ _Ap A.p
—6dyy —a " —2ds" —a

+2a/1‘9 + a’; + “?0 - a’é‘] - 2a§9 + a’? - 2a’;‘0 +a

A,c

P A.p A.p
b — ) +3dyy +64d,," +3d

1
243

A,p
a3

2

A A A,p A,p Ap A,p
—ay —2a6 )+ /l,(2al +2a10 +a); —a)

A A,p Ap A
25 — 3 — —d3

A,p P A.p
6 — 20 —2dy,

A

o AP
6 td

7

23

A_ A
4~ Y%

o AP A A A A
+dy )— /lu(a”+a|2—a|3+a]8

A_ A
+a; —ay)

23

A,p
+2a,

A9 — AK? 224} +ay° —ay© —2d* ~

A

A.p Ap , Ap _ Ap
+ag" +2d," +dyt —ag”) +

2V3

_ AP _H Ap A.p Ap_2 Ap ¢ Ap _ 4 Ap
Aoy —2a,;" +6dyy" +3ay, —3d,: —6ay —4dyg

1
23

Ac A.p A.p A.p A.p A.p Ap  Ap
dag") - Aa)" +4d )y +2d\ " =24}y —2d\y +2d g +a)g

A

A.p
+ay

P _ g, AP Ap _~ Ap _
dayy —12d3; —2a,"" —dg

A LA __A A A AL A__A AL A__A
Auatg +afy — ay, —2ay, —4ayy +2a) + a5 —ag +2a5 +ag —ag)

According to Egs. (10)—(12), there are no penguin-in-
duced amplitudes in the 15 and 6 irreducible representa-
tions. Furthermore, only the second component of 3-di-
mensional presentation in the AS =0 transition is non-

zero. Therefore, the amplitudes induced by the 3-dimen-
sional representations always appear simultaneously and
can be absorbed into four amplitudes,
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Table 7. Topological amplitudes of = O decays into 84 M from the b — s transition.

Channel Amplitude
- 0 - Y Ac ’ Ap _ Ap_ _Ap_  Ap_  Ap_ _Ap__ _Ap
E, 22K /1( a +a3 +a4 +2a Nt = /I(Zam +a11 ay “13 +a18 +a2 Aoy —dyi +3a2 3a2 3a2
_ A.p Ap  Ap  _Ap_ _Ap l r_ AL A _ A A A A A A
2a29 +ay’ 2a3 6a3 —dy +06 +d, dy )+2/lu( aj +ayy —afg a5, +ay +2a5 + a5 +2a5)
1
— _=0 Ac ’ .p A,p Ap_ Ap_  Ap_  Ap Ap Ap A,p A,p
g, oYK %/1( a +a3 +a4 +2a )+ 7/1 1Qd\y +a) —ay —a; +a]8 +tay," —ayy —dyl +3dy5 —3dy;
_ A,p _Ap, Ap_  Ap _ _Ap L, _A A A A
3a2 2a29 +dy 2(13 6(132 a," +ag” +a; ay")+ \ﬁ/l“( ajg +ay, +as, +2a5))
= — =207 /l’( C+ai‘)— Aj(a AP 4P 4 aP 4 3a0F +3a0P — g - aA’p—aA’p+aA‘p+aA’p)+ A (aly +ad +al +ald)
By =T \f ay’ 3 \ﬁ 1 19 20 24 25 3 5 6 8 9 Vo e T TR0 T
= =m0 L _1 10 AP Ap P Ap_ Ap _ _Ap__Ap  _Ap  _Ap l (A A A A
E, 2B /l (a2 +a3 ) /l(a +dig +a20 +3a2 +3a2 —dy ds ag” +ag” +ay )+2/lu(a13+019+a20+2a29)
N L a +a - —2g —aa) (@ +4a™P +247 2457 247 + 247 + ol
=p =18 243 ¢ ay” +ay” —ay Ay e 2{ 4 dyy +2d “1 ‘11 “18 9
Ap _ Ap A.p P A.p Ap Ap  Ap Ap Ap _ Ap
+2a2 —dy 2u21 +6d,5 +3u2 =3ay5 —6dyy —4dyy +ay 4a —12a =2d," —ds
A.p Ap  Ap _ _Ap L,
tagt +2d;" +dg’" —agt) + —=A (an+2a]8+a]9—azo—2a2I +2a29—4a30)
2v3 "
1
—_ —_ ; A c_n Ac_ A c A.c A,c A,c , A,p A,p Ap
B, —Em —\f/lc 2a5" —ay" +ay" +3d5" + 2d, +6a )+—\F/l 12ad"" + 24 +a11 —dpy a13 ?aa1

A.p Ap A.p
+6a1 +3a1 3a17 +a18 +2a19 +d, +a20 —dy) 3a2 +3a2 +6a2 +3a2 —3ay 9a27

A,p Ap_ Ap A.p A.p AP A.p Ap_ Ap_ Ap
—6ay5 —2d,5 —dy 2a3 —6d;" — 64y, —18d; a," =2a5" —ag" +dy

Ap . Ap o,
+2ag" +dy") + \/g’lu(“w “18 2(119 a20+a21+3a22+2a29+2a30+6a31)
2) — A'K- L a=2ayC —d + a4 20+ —= 2 +2d\ +al — ) — Yy +dl + 240
2v3 ¢ 23
Ap AP _ AP _ AP _n AP _ AP
+d, +a20 a2] +3a2 +6a2 +3a2 3a2 2a29 dy 2a3 6a3 dy 24 dg
+aA’p+2aA’p+aA’p) A, (@t —at, +a, +2a +2a8 +al —a? = 2a% +ai —2a%)
7 8 9 243 14 T8 19 2 Ty Ty 28 T3 30
1
=0 + - reAc_ Ac_ _Ac_n Ac ’ _Ap A,p Ap _ Ap_ Ap A,p A,p
p XK —\ﬁ/lc(a] a; a4 2a, )+—\/,/l( 2a10 ay +a12 +(/113 ayg —d, +a20 +dy, 3a2 +3a2 +3a2 +2112
_ A.p p_ Ap_ Ap Ap ’ A A _ A _ A _»~ A _ A_ A, A
a3 +2a3 +6a;5 +a4 dg a;” +dy )+—\/§/l (a1 —ayy +alg — a5, — a5 —2a5 — a5 2a30+a4+a5 +a7 +a8)
=0 Z‘Ofo 1/l’( a €4 ad g g +2a V= /l’(2a p+a P_at? — a1 v dP —a p—aA”+3a —3aAp—3aAp
=p 7% 3 4 10 11 12 13 18 2 20 21
_ N _ AP _ A,p_ Ap_  Ap_  Ap_ Apy_ 1 A
2a2 +a 2a30 6a32 a, gt +ayt —ag™) /l(a18 a20 a21 2a30+a4+a5+a7+a8)
=0 _, =00 Y _ 2 A.p _Ap_ Ap_ Ap_  Ap_  Ap
E, > Enm /l w(a 2 ‘+a 3 ) /I(al +a19 +a20 +3a24 +3a25 ay’ —ds" —agt +ag” +ag™)
1
oA A A A A, A A A
+§/lu(a“+a12—a13+a19+a2+a20—2a29+a3)
=0 =0 —— (-~ 2a —aA°+a +2aA‘+4 )+—/1’(a Py da™P 120N — 20N — 20N 420N + NP 420 — P
=p =8 243 ¢ 2 23 10 11 1 13 18 19 2 20
A.p Ap  Ap Ap Ap  Ap Ap  Ap_ Ap
—2a,] +6a2 +3a2 3(12 6(12 —d4dyy" +ay" —4ay —12(/13 2(14 as” +agt +2a;," +dgt —dy™)
A A A, A A A L A A A A A A
Z\f u(a]1 +aj, - a13 2a18 ajg +ay + a5 +2a5, —2a54 +ay +4ay, - 2a; +2ag —2a; +2ay)
1
=0 =0 10 Ac Ac _ Ac_q Ac_n Ac_ ¢ Ac ’ L2 _n, Ap_ Ap A,p A,p A,p
g, =2’ —\/axlc(a1 +2a +a3 a4 3a5" —2ag" —6a, )+—\/,/1( 2a1 2d\y —a)i +ayy +dpy +3ay;
A,p A.p
—6a1 3a1 +3a17 —a18 2(119 —d, a20 +a21 +3a2 3a2 —6a,; 3412S +3a2 +9a2
A.p AP L AP _ AP )
+6a2 +2a29 +a3 +2a3 +6a3 +6a3 +18a3 +dy +2a +ag da; —Za8 —a9 7y
1
oA A _ A A A A A AL A _ A _2.A _n A A_n A _ ¢ A _
+\/6/lu(a”+a12 ayy +3ajs +3ai; +afg +2ajy + ay + a5, —ay, —3a5, —2a5q + a3 —2a5, 6a3l+a4 a6+a7 ag)
1 1
=0 _ =—_ + 1 Ac_ 10 AP L AP Ap Ap Ap_ Ap _ _Ap, Ap  _Apy 1 (A A A A
E,—E7® \/f/lc( @, )+ \f/l (@ +adg +a20 +3a +3d,:" —ay ds ag” +ag” +ag™) \/E/lu(a”+a12+a19+a20)
1
—0 050 " Ac _ _ Ay _ 7¢n AP Ap  Ap_ Ap_ Ap po, Ap | Ap
2) - A% Z\f/l +2a2 +a3 a4 2a.™) —2\6/1 (a7 +2a,y +a) —dy —aly +a18 +2al +d," +dy
A.p A.p _ Ap ,17 Ap _ A,p A.p Ap , Ap
—a,}" +3d,3 +6a2 +3a2 3a2 2a29 a; 2113 6113 —2ag ag’ +ay” +2d7" +dy™)
1
A A__A_n A A_
+2\B (a18+2a19+a20 1121 2a30+a4 as —2ag + a5 ag 2a9)
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Table 8. Topological amplitudes of A) decays into 84 M from the b — s transition.

Channel Amplitude
1 1
0 + - 1o AC Ay 1o Ap . Ap_ Ap Ap o Ap_  Ap_ Ap_  Ap_  Ap_ Ap
Ah—>2 b/d \ﬁ’lv(“l ay ) \/f/lt(alg +d, sy +3a23 3a25 +dy a,” +ag" +a; dy )
1
P AL A A AL AL A
+E/lu(al+a18 ay a3+a4+a5)
1 . . 1
0 0.0 1 ,AC _ 9 Acy _ re Ap . Ap_ Ap Ap_o Ap_, Ap_ Ap_  Ap _Ap_ _Ap
Ab—>Z b 2\/5/16(2“' 2a3 ) ‘/i/l,(als +a, Ay +3a23 3a25 +ay a," +ag" +a; d )
1
P AL A A A _n A _ AL AL A
+2\/§/lu(al+a10 ap, +2ajg - 2a5, —az +ay +as)
1
0 0 AL A A A A__A_n A_n A
A, — X 2\/6/lu(a1+a10 ay, —as —a, —as —2ag —2ag)
1
0 0 P AL A A A _a A _ A__A_ A, A, A
A, =2 (@) +ajy—ai, +3ajs —3ay; —a5 —ay — a5 +ag +ag)
243
1 Ac_ Ac 1 A A A A A A A A A A 1
_ . S P P P P P » P P P P A A A A
A2—>E at $/l:,(al —a )—\—rz/l;(als +ay" —dyy +3dyy —3a,5 a3t —dy +agt +ady —dy )+$/l;(a10—a12+a18—a20)
1 1 1
0 - 1 AC Ac 1A AP Ap _ Ap _ Ap a2 AP 5 Ap _H AP _ ¢ Ap 7 (A A A A _A__A
Ay — pK \/j/lc(% +2dg )+—\/§/l,(2a10 +d| —dyy —d\y —dy) —3dy5 —2d,5 —2a5) —6d3y7) + ‘/i/lu(a14+a21+2a28+2a30 a; —ag)
1 1 1
0 —0 1o Ac A rin,Ap  Ap_ Ap_ Ap_ Ap_ o Ap _H Ap 5 Ap _ . Ap 7 (A A _ A, A
A) - nK \/z/l(.(% +2a7) + \/EA,(Zalo +ay —dyy —a\y —dy) =3dyp —2da,5 —2a5) — 64357 ) + ‘/i/lu(a21+2a30 a; +ay)
1 1 A A A A A A A A A A 1
Ag — =20k0 —Aé,(a?’c+a’;’c)——/l;(al’p+alép+alép+a2'p+3a25p+3a2f—a4’p—a5’p+a7‘p+a8’p)+—A{,(a?8+a*1‘9+af“—aé)
V2 V2 V2
1 1 1
0 _, =+ P (AC 4 A0 10 AP o AP L AP L Ap A.p Ap_ Ap __Ap P AP (A A A A
Ab—>_. K \/E/lc(al +d, ) ﬁ),(al t+ag tayy +d, +3a23 +3a24 day as” +a;" +ag )+ \/i/lu(a10+a“+a18+a19)
1
A2—>A07r0 2—‘/6/1,’4(0?+a*1‘0+2a’1‘1+a’l‘2—2a?3+2a§‘—4a§9+a§‘—ag‘+ag‘+2ag‘)
1 : 1 A A A A A A A
Ag —>A0ng 7(12.(af’c+2a;“6+ag“c+2aic+4a2’L)—7\/>/1;(2a1‘p—4a1(‘)p—2a1ip+2alép+2alép+alép+2a1ép
3V2 3V2
Ap  Ap A.p A.p A.p A.p A.p Ap _ Ap A.p Ap _ Ap _ 5 Ap
+ay " tayy +2d," +3ay; +6a,; +3dy5 +6d,0 +adyy —ay +4ayy +12a5; —ay 245
—aA'p+aA’p+2aA’p+aA’p)+L/l' (@t +at +2a4 +a, —2a%, +2d2 + 4al, + 242
6 7 8 9 6y2 10 11749 13 18 19 2
+2a§‘0 +4a§‘1 - 4a§‘9 + ag‘ + Sag‘o + af - ag‘ - 2aé‘ - 4(1;‘ - 2a§ + 2ag‘)
1 . . . X . ) 1
0 0 . W A Ac_ Ac_a Ac_H Ac_ g Acy_ ’ A,p A,p Ap_ Ap_ Ap o Ap A,p
Ay — A'm g/lc(al +2a5° +ay" —ay" —3ay" —2a," —6a;°) g/l,(Za1 +2d\y +a)" —d)y —a)y —3a); +6d;

A,p A,p

Ap P A,p N _a AP A,p A,p Ap _ 2 Ap o AP
+d," Hdyy —ay —3dy) +3ay5 +6a,y, +3ay8 —3d,y" —9ay;

_ 2, AP A,p A,
+3d,y —3d}; +tajg +2dp
6 AP _~n Ap_ Ap _ 5 Ap _ ¢ Ap _ o Ap _ Ap_ Ap_~ Ap_ Ap_  Ap Ap  _Ap

6d," —2d,5q —dy 2a5y" —6d5;" —6ayy" —18a33 —dy 2a; ag’ +d;" +2ag7" +dy™")
1
+ 3 A, (a? + “?0 + 2a*|‘] + a’l‘z - 2(/]‘3 + 3a*l‘5 + 6uf‘6 + 3a*|‘7 + Za?8 + 4af9 + 2a§‘ + 2a§‘0

A A A A A AL A__A A AL A__A
—2ay, —6ay, —4a5q + az —4ay, —12a5, +ay — a5 —2ag +2a5 +ag —ag)

Table 9. Decay amplitudes of 8,5 — BsM decays from the b — d transition, in which the baryon octet is expressed as a (1,1)-rank

tensor.
Channel Amplitude
1 1
= -0 — (A = A + —= (A + Az — A7 + Ag)
b \/i A 12 \@ u
1 1
== -0 — (- — _
E, =X \FZ/M Al +AL)+ \/i/lu(A1+A4+A7 Ag)
1 1
E;—>277]g —%/1,(14,“+A/12)+ %ﬂu(A1+A4+A7 +Ag)
1 1
E; — X fﬁ/lt(A/” +A12 +3A’|3)+ %/lu(Al +3A10+Ags+A7+Ag)
By > nk- — LAY+ Ay
g, > EK° — A, + A, Ag
1 1
By > A0 —%ﬂ,(A’“ +AL)+ %/lu(Az +A3+A7+Asg)

Continued on next page
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Table 9-continued from previous page

Channel Amplitude
CHENY . (AL, + A ) — Au(Ag + As)
20 - 30,0 LA A7 224 )+ L aas 44— a5 - A
=b T E e 1n1tApt |4)+§ u(A3 +As—As — Ag)
1 1
Eg - ZOT]g _ﬁ/lt(A,“ +A’12)_ 27\/§/114(A3_A4 +As +Aq)
1 1
52_,20,71 —\—@A,(A’“+A’12+3A’13)—%/11(A3—A4+A5 +Ag +3A9)
Eg -t (AL + A — (A +Ag)
32 — pK7 /IIA,M_/IMAS
a9 >k’ (AT +AY)
Eg — 20K0 (A}, +AYY)
Eg — =2 K" /ltA,14_AuA6
1 1
32 — A0 —Tﬁﬂf(f\’” +A},) + T\/g/lL«(As—Azt—As—Ao)
— 1 ’ ’ ’ 1
B — Al ST+ AL +6A1) = = (A3 + Ag +As +Ag)
1 1
Eg - A%, ﬁ/l,(Agl +A’12+3A’13)—EAM(A3 +Aq+As+Ag+3A9)
1 1
AV — 30g0 — LA+ —=LA
b \E A1 \E u13
A) - IK* —LAY + A
A) > pn~ —A AL, + Ay
1 1
AY - nn E/1,A/12 + EMM
1 1
AV —n — LAY, —A})+ —=A,A4
b 8 Ve et T )T e
1 1
A)—n QA —A )+ —= L As
b m NG (AR b 12 NG u
1 1
A9 — AOKO ——= (A7 —241,) + —= LAz
b \@ (SR 12 \/6 u

Table 10. Decay amplitudes of 8,5 — BsM decays from the b — s transition, in which the baryon octet is expressed as a (1,1)-rank

tensor.
Channel Amplitude
1 1
2 - 30K —— A+ —=A (A + A3 +Ag)
b \/E 1“2 \/i u
g 53K ~AAL + A
g, > &% — A1 + A7
1 1
Z - =0 —— A+ —=A (A +As+ A7)
2 o= 4
b V2 1411 V2 1 7
1 1
E, > Eng ——AU(A}, =247 )+ —A (A + Ay + A7 —2Ag)
b n Ve 1 1)+ e
1 1
2 - ETn —— (A + A, +3A0,) + —= A (A +3A10+As + A7 + Ag)
b n 3t EIV
1 1
27 - AYK- — AQRA" = A+ —=A, (A + A3 —2A7 + Ag)
b \/6 t 11 12 \6 u
BTk XA, - A
1 1
20 30%° XA, - — A3
=p - XK \E 112 \E u
1 1
29 5070 —— XA~ — Ay
b \E 1“1 \/E u
1 1
=20 =0 — (A}, —24" ) — — A, A4
b m Ve I 1207 e

Continued on next page
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Table 10-continued from previous page

Channel Amplitude
1 1
g0 - =0 — (A} + A, +3A) - —= LA
b m V3 T K
Ey—~E XA - A
1 1
=0 070 V(DA rN_ =
E, - A'K \/6/lt( 2A11 +A12) \Fﬁ/l“l%
NSNS —4 Al + 4, As
1
A) — 5070 — AL+ S (As +Ao)
1
A9 — 0ng ;BA;(—ZAg +As +Ag)
1
A) - 30 %/1;(/43 +As+Ag +3A9)
A) > 3t A, + 2 Ag
A0 — pK- —A(A, + A1)+ A (Ar +As)
A9 - nK’ ~A(A], +AY)
Ay = E°K° —Aj(A} +ATY)
A) - =K+ — (AL AL + (AL +Ag)
1
A9 > An0 ﬁﬂ;(—2A4 +As +Ag)
1 1
A9 — A%ng —FHQAT + A7) +3A7) + 24 (=2A3 =244 + As + Ao)
1
AY — A% = AAG AL+ 34+ ﬁﬂ;w —2A4+As +Ag +3A9)
b, = _Au bys— A b +3b%, + b, dom of penguin induced diagrams in the SM. Combining
A A Egs. (A19) and (13), there are 13 independent amp-
A A : o ¢ .
by = ="4big — 505 + 300, + bE,, litudes <.:or.1tr1but1ng to the B, —» BsM decays in the
//11; j; SUQ)g limit.
b5 = —fbn - /chg +3by; + b,
/1’ /lt III. PHENOMENOLOGICAL ANALYSIS
b, = —""big— b +3bt, + bty 13 . : : :
14 A, 0 147718 (13) First, we compare the topological amplitudes in bot-

where A, =V, Vi, 1.=V,V:, A, =V,V;,. According to
Egs. (13) and (A15), the tree-induced amplitudes A;; ~
Ay, A§ ~ A§, and all the penguin-induced amplitudes can
be absorbed into four amplitudes in the SU(3)r limit,

A, Ao

Ay = _/TAII - /TAg +AL + AL+ AT +3A7,
t t

’ Ay A c P P P P

A12 = _IAlz_ IAI +A4 +A6 +A12+3A15,
t t

’ Ay Ac c P P P P

Al = _IAB - IAZ +A; +Ay +A;+ 345,
1 1

’ /lu /lt‘ c P P P P

Aly = ="t Ai = TAGHAT AT+ AT, + 34T (14)

t t

For the AS = -1 transition, 4,., in Egs. (13) and (14) are
replaced by )., and A, =V, V;, .=V, Vi, 4, =V,V.
According to Eq. (14), all the penguin induced amp-
litudes are determined once the tree induced amplitudes

with quark loops are known. There is no degree of free-

tom and charmed baryon decays. For charmed baryon de-
cays, the contributions from the d- and s-quark loop dia-
grams cancel each other out because Vi, V,,~-ViV,.
The penguin-induced amplitudes are much smaller than
the tree-induced amplitudes under the SU(3)r limit, as
Vi Vs ! Vig)sVaass| X (s /m) ~ 1074 Note that all the pen-
guin-induced diagrams and tree-induced diagrams with
quark-loops are included in A}, ~A},. Consequently,
A}, ~ A}, are negligible in the branching fractions of
charmed baryon decays. For bottom baryon decays, the
b — d transition is dominated by tree-induced amplitudes,
as |V ViV Vi x(as/n) ~0.1. The b — s transition is
dominated by the penguin-induced and quark-loop dia-
grams, as |V, V:/V,Vi|X(as/n)~2. The amplitudes
A}, ~ A}, are essential to the branching fractions of bot-
tom baryon decays. The CP asymmetries in the bottom
baryon decays arise from the interference between tree
amplitudes A; ~ Ay and A}, ~ A},. The CP asymmetries
of charmless bottom baryon decays could reach O(0.1),
whereas the CP asymmetries of charmed bottom baryon
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decays are estimated to be O(107*). Because of the differ-
ent CKM matrix elements, the U-spin relations between
two U-spin conjugate modes differ for charmed and bot-
tom baryon decays [55].

Owing to the limited experimental data, we cannot
determine decay amplitudes by global fitting. However,
some dynamical information can still be extracted from
the available data. The CP asymmetries in the A) — pr~
and A) —» pK~ decays have been measured by the LHCb
Collaboration as [20]

Acp(A) — pr) = (0.2£0.8 £0.4)%,
ACP(A}? — pK)=(-1.1£0.7+£0.4)%. (15)

The branching fractions for these decays are given by
[56]

Br(A) — pn) = (4.6+0.8)x 107,
Br(A) — pK™)=(5.5+1.0)x 1075 (16)

The branching fractions of the AY — pr~ and AY — pK-
decays are of the same order, indicating that the penguin
amplitudes are significant. The small CP asymmetries in
these two decay modes, particularly in A) — pK~, might
result from small relative phases between the tree and
penguin amplitudes. According to the PQCD calcula-
tions [27], the color-favored emitted diagram 7, denoted
as ajg in this paper, is one order larger than the other dia-
grams. Eq. (A12) shows that aj; contributes only to the
amplitude A,. Consequently, A, is expected to be larger
than the other amplitudes. The small CP violation in the
A) - pK~ mode might be explained by small relative
strong phases 6A/12 —04, and 5/4’14 —0d4,. Hence, we suggest
measuring CP asymmetries in the E) » pK~ and E; —
A°K~ decays on LHCb. In these processes, the tree and
penguin amplitudes may be of comparable magnitudes
after accounting for the CKM matrix elements, and the
small strong phases Sar, =0, and Sar, —0a, are avoided.
In the literature, the Korner-Pati-Woo theorem [41,
42] plays an important role in analyzing heavy baryon
weak decays. It states that the two quarks produced by
weak operators must be antisymmetric in flavor if they

enter the same low-lying baryon. In diagrams a;* ~ a3;',

& ~aj, the two quarks emitted from the weak vertex
enter the final-state or resonance-state baryon. They

should be antisymmetric in flavor if the Kdrner-Pati-Woo

theorem holds. If two of the diagrams aj* ~a}s,

ai ~aj; are connected with each other by interchan-
ging two emitted quarks, these two diagrams are oppos-

ite. Then, we have

SA_ _ _SA SA_  SA SA_  SA
a;”’ =-ay", a;” =—-a.", ay’ =-ayy, (17)
SA_  SA SA_  SA SA_  SA

ag =—d gy =—dp, aj;s =l - (18)

Furthermore, the antisymmetry of the two emitted quarks
conflicts with the requirement that these two quarks are
symmetric in diagrams a3, a3, a;,, which results in

ay =d; =aj; =0. (19)

Applying the above equations to Eq. (A12), we obtain the
following relations:

A =-A3, As=-A;, As=-As, Ag=-A,. (20)

The decay amplitudes of the A — X°K° and A) — ="K+
modes are

1 1
AN — 2K = @M\’u + $/L¢A3,

AN - XK = -QA) + LA, 1)

If the Korner-Pati-Woo theorem is valid, the relation
A =—A; leads to

Br(A) — K*) = 4Br(A) — 2°K?) (22)

under the isospin symmetry. Isospin breaking is naively
predicted to be O(1%). If Eq. (22) is violated, it indicates
that the Korner-Pati-Woo theorem is not valid in topolo-
gical diagrams.

IV. SUMMARY

In summary, we studied the topological amplitudes of
B,5 — BsM decays in the SUB)r limit. The linear rela-
tions between topologies and SU(3) irreducible amp-
litudes are derived through tensor contraction and SU(3)
decomposition. Thirteen independent amplitudes contrib-
ute to B,; - BgM decays in the Standard Model, of
which four are crucial to the CP asymmetries. The small
CP asymmetries in the A) — pn~ and AY — pK~ modes
might indicate small strong phases between amplitudes
A, and AY, ;. To avoid the small strong phases, we sug-
gest measuring CP asymmetries in the ) - pK~ and
E;, - A°K~ decays. Moreover, the Korner-Pati-Woo the-
orem can be tested by measuring the branching fractions
of the A) — 2°K? and A) - X"K* decays under isospin
symmetry.
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APPENDIX A: TOPOLOGICAL AMPLITUDES OF
BOTTOM BARYON DECAYS

The bottom baryon anti-triplet is

0o A =
By=| -AY 0 F; (A1)
-E) -5, 0
The light pseudoscalar meson nonet is
1, 1
—n+—= ol K*
v Ve | |
IM) = n ——n+— K°
\/z \/6778
K- K — 27315
| m 0 0
+— 0 0
V3 "
0 0 m
(A2)

The light baryon octets B; and B; can be written as
tensors with three covariant indices. 85 is given by

1
2+ — %(2821;13 _Bgll _Bé:ﬂ)’

1
p= %(—ZB;]%B?' + B,
-_ L

3

1
n=— 23221 —8122—8212),
\/6( 8 8 8

T (2837 + B2 + B,

b
V6

1
0= %(—23331 +By7 + B3,
1

Viz
1
AO — 5(@%32 _8531 +B§12 _8221)’

—_——
—
—

(23232 _ B§33 _ 8323),

[x]

20 (8321 + B?l + BSIZ +Bé32 _ 2Bé23 _ 2B§13),
(A3)

and Bj is given by

1 1
2+ — 7(8311 _851;31)’ p= 72(.8;21 _Bgll),

V2 V2
S i el R )
B = %(8533 -8), == %(8213 - B,
= %(Bé” B+ 87 -8,
A’ = L(zzsg” —287 + B - BP + B - B?). (Ad)

V12

The decay amplitude of the B,; » BsM decay can be
constructed via Eq. (6). The number of topologies can be
counted by permutation. For the contributions from oper-
ators O“?, there are five covariant/contravariant indices
in (nganloff;;” "|[B51,5). The number of full contractions
is N = A2 =120. Considering that the two flavor indices
in the antitriplet are antisymmetric, the number of terms
is Ny +N, =N/2=60. As the symmetric light quarks in
B; conflict with the antisymmetric light quarks in 8,3,
the number of topological diagrams for bottom antitriplet
baryon decays into B3 is less than that for decays into
B4. The difference between them, N, — Ny, is computed
to be A3 =6. Then, Ny and N, are solved to be Ny =27,
N, =33. For the contributions from O, there are four
covariant/contravariant indices in (BYM.|09|[B,51.,)-
ASNS +NS=A3/2=12 and NS-N;=A3=2, we have
Ni=5and N{=17.

The topological amplitude of the B,; — B5 M decay is
constructed as

A (Byz — By M) = a) (By3);; Hg M, (B + a3 (By3)i; Hy M, (B5)™ + a3 (B,3)i Hiy M, (B)™ + a3 (By3)i Hyg M, (B3)™"

+ a5 (B,3)ijHyy M, (B)™ + g (By5)iHyy M (B3)"™ + a3 (By3)iiHyy M, (B + ag (B,3)iHyy M,, (85 )™

+ a3 (By3)i Hig My, (8™ +aio(By3)i M, (8" + a1, (B,3)i;Hyy M, (Bg )™ + @y (By5)i;Hi M, (B3 )™

+ a“f3 (B3)iiHg Mtln(Bg )ikj + af4 (B3)iiHgM fn(Bg )ﬂj + “fs (Bb§)inli1M m (Bg )jkl + afﬁ (Bbi)inlilM 4 (Bg )ﬂk

+ a1 (B Hy My (B + aig(By5)iHyy M, (B)™" + lo(By5)ijHyy M, (Bg Y™ + a(By3)isHig M, (B
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+ 3, (B,3)i Hyy My (B3)™ + as(B,3)iHyy My (B + a53(B,3)i Hy M, (B3 + a54(B,3)i Hy M, (B3 )™
+djs (Bﬂ)inllkMin(Bg )+ agé(BB)in WMy (BH™ + a3, (B}E)inllkMz (B + a?s (Bb?)in/gC)M; 8™

+05° (B H MIB)" +a5 (By)iyH MUBD™ + a5 (B30 H MI(B)" + a5 (B )i MY(B)™.

The topological amplitude of the B,; — B4 M decay is constructed as

ANByz — BIM) = af (By3)i Hy M, (B + a3 (B,3), Hi M, (B + a3 (B,3) i Hyy My (B + af (B)i Hiy M (B ™"

+a5(B,3)ii HyMi(B)™ + ag (B,3)ii HyMi(B)"™ + a7 (B,5)ii Hy My (B + ag (B,3),Hyy My (B3)™
+ay(B,7)iHyy M, (B)"™ + ao(B,3)iiHy M, (B)™" + ayy (B3)i;Hy M, (BgY™ + ajy(By3)i; HyM,, (8™
+a5(B3)i Hy M, (B)™ +aiy(B,3)i Hig M, (89)" + ais(B,2)i; Hy My (B + ag(B3)i Hy My (B Y™
+a5(B3)i Hy My (B +aiy(B,5)iHi M, (B3 + alo(B,3)i;Hy M, (B Y™ + a(B,3)i Hy M, (B3) ™
+aj (BbE)inlldMﬁl(BQ)imj + agz(BB)inllcle BN +ab (Bbi)inl[kan(B?)jkm +ay(B3)iH, WM, (B3
+ a§5 (BB)!'J'HIZkM;in(B? )kmj + ags(BbE)in;kM;];(Bg)imj + a§7(8b§)inllkM:Z (B?)ikj + “és (BB)UH/':;M;I;(B?)M
+ayo(By3)i i Hiy M, (B3)™ + aso(By3)iiHyy M, (B5) ™" + a5, (B,5)iHyy M, (B5)™ + a5y (By5)iHy M, (B5) ™

+ a53(By)i Hi My (B9 + ai (Byp) H MIBY + a5 (B3)iH MI(B)™ + a5 (B3, H” My(B5)™
+ a5 (B HMIB)" + a5 (By) i MYBE)" +a (By)iH M{(BY)" + a5 (B H MI(B5)™

(A5)

Each term in Egs. (A5) and (A6) can be interpreted as
a topological diagram if the index contraction is under-
stood as quark flowing. The topological diagrams con-
tributing to the B,; —» B¢ M decay are shown in Fig. Al.
The topological diagrams contributing to the 8,5 — B; M
decay can be obtained by replacing the antisymmetric
quarks of a; to ay; in Fig. Al with symmetric ones. In
Egs. (AS) and (A6), we do not distinguish the tree and
penguin contributions. Note that the same contractions
with different operators in the weak vertex are different
topological amplitudes. The light quark-loopsin dia-
grams aj,,, a4 5 can be replaced by charm-loops; then,
the O contributions are included.

The second-rank octet is given by

1 50, 1 A0
ﬁZ + %A Z+ P
|Bg) = z- —%20 + %AO n
on =0 — V23N

(A7)

(A6)

[
The bottom baryon antitriplet can be expressed using the
Levi-Civita tensor as

k : k —
By =auBs)  wih Bpi=| =

(A8)

The decay amplitude of the B,; - BsM mode could be
constructed by a (1,1)-rank baryon octet and first-rank
charmed baryon antitriplet. There are four and three cov-
ariant/contravariant indices in tensors ((8s);M;105." B/
and ((Bs) M |0§§)IBZ§>, respectively. The number of full
contractions is N = A} =24 and N° = A3 = 6. Considering
that i # j in (Bg)_"f, the number of terms contributing to the
B3 — BsM mode is N+N°=18+4=22. The decay
amplitude of the B,5 » BsM mode constructed by the
second-rank octet tensors is

A(Byz - BsM) = A{(By5) HM(Bs) + Ax(B,3) Hi MY(Bs)! + As(B,3) Hi Mi(Bs)'s + Au(B3) H] M'(By)f
+As(By3) HyMY(By)f + Ae(By3) HiM(Bs)s + A7(B5) HLM(Bs)f + As(B5) Hi M (Bs)"
+Ag(B3) HRM|(Bs): + A1o(By5) HLM(Bs): + A11(B3) H,MUBs)} + A1a(B5) H, M(Bs )
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Fig. Al. Topological diagrams of bottom baryon B,; decays into a light baryon octet 8§ and a light meson M, in which *]”indicates
two antisymmetric light quarks in baryons.
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+A(B3) H M|(Bs)! + A1a(B,3) HLMUBy)f +A1s(By3) HyMU(By)s + Ar(B,3) HY M{(Bs)S + A17(B,3) H MU(By)}
+A1s(B3) HiM{(By)) + A{(B3) HY MU(Bs)! + AS(By3) HYO MUBs)! + AS(B3) HO MI(By)s + AS(B3) HO MI(Bs)'. (A9)

By substituting Egs. (8) and (A8) into each term of Eqs. (AS) and (A6), we can derive the relations between decay amp-
litudes constructed by (1,1)- and third-rank octets. For example, the first term of Eq. (A5) is simplified as

o . 1 . . 1 o
a) (By)iHi M, (B3)" = %af €ip(By3) Hi M, €7 (By) + %“f &ip(B,3) HiM,,€"'(By)} = _%af (By3) HyM(By)}
2 S i j 1 k 1 S i j 1 k 2 S i j 1 k
+ %al (8,3) H,{le(Bg)i + %al (B8,3) H,-Jij(ﬂg)l - %al (B8,3) H,{iMj(gg), . (A10)

Thus, the diagram a; contributes to Eq. (A9) as

1 2 1 2
A= ta a=ia = a4 A=———dl+... (AlD)

V6 3

The relations between the third- and (1,1)-rank topological amplitudes for the 8,; — BsM modes are derived as follows:

A, =(d} +ai, +aly)/ \5—((12 a3 +2d}, - a3, —a3,)/ Ve,

Ay =(—a} +d; —al —af —ay +al, +2ab)/ ﬁ—(af -2a5 +ad; —a, +ai —2a5 +ag +aj +3a3,)/ Ve,

Az =(a§‘ +a§ +a8)/ Vz—(ai —aé +2a“7g —ag —ag)/ Ve,

Ay =(=dj —a} —a} —a}, —aty +aly +2a3)/ V2- (=24} +a@; +a3 —a, +ds —2a},+a;, +a), +3a3s)/ Ve,
As =(at —al +ad)/ \/E—(—af +2a5 —a; +a, —a;)/ Ve,

A =(—a} +a/?0 —aly)/ V2- (—ag +a§ —afo +2d5,—as,)/ Ve,

Ar=(ay +di +a)/ \/E—(Zaf —-a;—a +ad; —as)/ Ve,

Ag =(ay +d —ap)/ «/5—(a§ -a —a +2a3 —ay)/ Ve,

Ao =(—d§ +ais—ajy)/ V2- (=3 +ag —ajs+2aj,—ay,)/ Ve,
Ay =(—df +dls+aly)/ V2 - (—a; +di +2a}s—ajs—ay,)/ Ve,
A :(—aé +a/?9 +a‘;0)/ V2- (-a3 +a§ +2af8 —afg —ago)/ Ve,
Ay =(—a} —a? +a§ —a?g +a§0 +ah + 2a§0)/ V2- (—a§ +ag +a§ - 2a§ +a‘; +af8 - Zaf9 +a‘§0 +3a3,)/ Ve,
Az :(ag - a?6 - a’f7 - af‘g - ago + aﬁz + 2a§‘1)/ V2- (ai - ag - 2af5 + afé + af7 - 2af8 + afg + a§0 + 3a§2)/ Ve,
Ay =(aj +aly—ay)/ V2- (@3 —a —aSs +2a5, —asy)/ Ve,
A5 =(a — iy +aty — ay, + ays + ao +2a5,)/ V2- (@3 —ad +aj, —2a;, + a3, + a5, — 245, + @55 + 3a54)/ Ve,
Aje =(a‘§ —a‘?s +a/?7 —a’244 —a‘;s +a‘§7 + Zaf:})/ V2- (ai —ag +af5 - Zaf6 +a“f7 —2a§3 +a§4 +a§5 + 3a§7)/ \/6,
Ay =(—ds +db, + a5/ V2- (—=d} +a; +2a5, — a5, — ass)/ Ve,

Ag =(—a +ay, —abs)/ ﬁ—(—ag +as — a5, +2a5, —ass)/ Ve

AS =(=aS" + a5 + af + 2457/ V2- (@ =2a5° +a5® +3a5%)/ Ve,

A5 =(—a5" — a5 +a* +2a5") ) V2 - (<2a° + a5 +a5° +3a5°)/ V6,

AS =(aS* + a5 V2 - (2055 - aS® —asS)/ V6,

AS =(a$ —a§M)) V2 = (=aS + 2455 — a5/ V6. (A12)

113104-18



Topological amplitudes of bottom baryon decays in the SU(3)g limit Chin. Phys. C 49, 113104 (2025)

According to Eq. (A12), the topological diagrams of the 8,5 — 8§ M and B,; — B; M transitions are not independent. If
the topological diagrams of the 8,5 — 8§ M mode are known, the topological diagrams of the B,; — 8¢ M mode are de-
termined, and vice versa.

Operator Of; is a reducible representation of the SU(3) group. It can be decomposed as 3®3®3 = 3,3,06015.
Then, the coefficient matrix H can be written as

1 3 1
H = 7H(15)" 4 e,,,H(é)’k +5’<( HG3,)i— gH(3,,),») +5f(§H(3p) - gH(3,)_,-), (A13)
in which H(3,), = H}; and H(3,); = H},. The SU(3) irreducible amplitude of the B,; — BsM decay is constructed as

AR(Byz > BsM) = b(B,3) H(O)5;M] (Bs)), + bo(B3) H(6);M(Bs)] +bs(B,3) H(6)};M|(Bs)]
+b4(B,3) H(6): ML (By), + bs(B,3) H(6): My(Bs)] + bs(B,5) H(15)\,M] (By),
+b1(B,3) H(15), Mi(Bs)] + bs(B,3) H(15);,M|(Bs);, + bo(B,3) H(15)5, M} (Bs);,
+b1o(B,3) H(15), M, H(By)! + b1 (B3 H(3,):M] (Bg)’; +b12(B,3) H(3, ) MI(Bs)!
+b13(8,3) HG )M (Bs): + b14(B,5) H3 ) ME(Bs)! + bis(B,3) H(3,),iM{(Bs )t
+bi6(B,3) HB)M(Bs)} +b17(B,3) HB )M (Bs); + bis(B,3) H3 ) M} (By)]
+b{(B,3) HR) M{(By)f + b5(B,5) HR3), MU(By)s + b5(B,5) HB3) M (By),
+b5(8,3) HR)" M(By);. (Al4)

By substituting Eq. (A13) into each term of Eq. (A9), the relations between Eqs. (A9) and (A14) are derived as

b1=A6;A8, b2:A5;A7, b3=A9;A10, b;;z#, 5:#’

by = —%A_.-, + %A7 - %A6+ %Ag +As, bis = %AS - %A7 + %Aé— %Ag +Ay,

by = %Az— éA4+ %At)— %AIO + A6, b6 = —éAz + %A4_ éA9 + %AIO +Ap,
b13=—éA1+%A3+%A5—%A7+A”, b7 = gAl ;A3—%A5+§A7+A“,

by = —%Az + %A4+ %A(,— %Ag +A;s, big = E3§A2 ;A %A6+ %Ag +Aj,

bl =Aj, b5 = A3, b5 = A5, by = Aj. (Al5)

The inverse solution of Eq. (A15) is

Ay =—2b,+4by,  Ay=-2bs+4byy,  Ay=2by+4by,  Ay=2bs+4byy,  As=2b,+4bs,
Ag=2b, +4bs,  Ay=-2b,+4b,,  Ag=-2b,+4bs,  Ag=2bs+4bs, Ay =—2bs+4bs,
Al =biy+by+by—bi—by,  Ap=big+b +bs—bs—bio, Ay =big+bs—bs—bs—bi,
Auy=bis—bi—by—bs—bs,  As=byy—by—bs—bs—bi, A =bis—bs+bs—bs—by,
Al =bis—by—by—bi—by, Ay =by +by+by—bs—bs

=D, AS=BS AS=D Aj=bG (A16)
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By substituting Eq. (A12) into Eq. (A15), we obtain the equations for SU(3) irreducible amplitudes decomposed in
terms of topological amplitudes,

b =~ \/§(2af +ay —ah—al,+aly)/8+ \/E(Zag -2d} —a5 +2a; —ay +aj,—2a;, +aj,) /24,
by = V2(d! —dl —2d} +al —a)/8+ V6(3a —3d5 —d +di)/24,
by = — V2(a? —al —as + als +2at,) /8 + N6(as — aS +3ds —3as) /24,
by = \/z(a? —ap +af +ay—at, —aly)/8 - \/E(a‘g —ai +2a5 —ay —ay —2d5, +a3, +aj,)/24,
bs = \/E(a’l4 —ay —2a5 +al —ai +ag +al —a), —ay +aly - aty — 2als +2a5)/8
+ \/8(3af -3a; —a3 +a; —2a5 +a; +ay +2a5, - a;, —a, —3aj; +3aj,) /24,
be = ‘/E(aé‘ —ay+aj,—al)/16+ \/6(a§ —2ay +aj +ay,—2ay, +aj,)/48,
by = (a} +db +ab +a) /16 = N6(dS +d5 — 245 + 245 —as —al)/48,

by = — V2(a? +al — als— al) /16 + V6(2a5 — a3 —a} —als—aS+2a5,) /48,

by = \/E(a? +a2 +a§ +a3 +a/f1 +a’1‘2)/16+ \/6(—2512 +a§ +ag —2a§ +a§ +a§ —Zafo +af1 +af2)/48,
b= - \/E(aff +a’§ +a§ +a2 +a§ +ag‘ +cz/1‘1 +a’1‘2 —aflg —aﬁ —2a§‘8 —2a§9)/16

+ ‘/g(af +a§ —2a‘3g +2af1 —ag —ag +2a§ —ag —ag +2af0 —a“fl —a“fz —3af3 —3a“f4)/48,
by = — V2(d} —3d} —4d} +4a} +al = 3al -3l +3dl +dy - a, — 8aly + 8al) /16

- \/6(7af —5a5 - 245 +2a —7d5 +5a5 —3a5 +6a; —3a5 +a;,—2a3, +a}, — 8az, + 1645, — 8azs)/48,
b= - ‘/5(361? —ay —4as —2d% - 24l +3a; +3ay —at, —aly +aty - 3at, + 5ais + al — 4al,
+8ab, +8ays — 8ah; — 6abg +2a5 — 16a33) /16 — \/E(Saf —7a; +2d5 +4a —2a3 —2a; —6a; +3ag

s S _ s _ S s s s s s s s s s
+3a, +2a;,—ay, —ay, — 3aj; +9aj, + 3ajs — 9ajq + 6ay; — 1645, + 8a,, + 8a,s +24a;) /48,

S
[
|

= V2(3d} —a} —4al —2a2 —2al +3dl +3a} —al, —at, + 8al, +8als) /16
+ \/E(Saf ~7a5 +2a; +4a —2d5 — 245 —6a5 +3a3 +3a5 +2a5, — a3, —al, — 1645, +8as, +8azs) /48,
by = \/E(afl\ -3a; —4d; +4a} +as —3ai —ab +df +2al) — 5ai, - 3a}, +2a}, +3al, - al, — 8al; + 8ads
+8abg — 2a5 + 6a5 + 1645,)/16 + \/6(7a“f —5a;5 —2d5 +2a —7a3 +5a5 —3a; +3ag +ay, +7as,
—8a3, —9a); + 3aj, — 8a3, + 1645, — 8a5s — 24a5) /48,
bis= \5(361’? —ay —day +4ay +3ds —al —dy +ay +3al, - 3at, + 8aly — 8a5,)/ 16

+ N/E(Saf ~7a5 +2a; —2a —5d5 +7d5 — a5 +2a; —ay +3aj, —6a3, +3a}, + 8ajs — 16aj, +8as,) /48,

b = \/E(a’f -3} —4day + 24 +2af +ay +ay -3, —3at, +3at, - afy — als — Sats - 4al; — 8aly — 8aj,
+8ah, — 2a5 + 6a5 + 1645,)/16 + \/6(7af —5a5 - 245 —4aj +2a5 +2ai —2a5 +ag +ay +6aj,
-3a}, - 3a), - 9aj, +3aj, +9ajs — 3aj, — 6ai, + 16aj, — 8aj, — 8a5, —24a5,)/48,
by = - \/E(a*]‘ -3a) —4ai +2at +2d} +ai +al —3ai, —3at, — 8’y — 8a5,)/ 16
- \/6(7af —5a5 —2a3 —4a +2d5 +2d5 —2a5 +a; +ay +6aj, —3a3, —3al, + 16aj; — 8aj, — 8a3,) /48,
big= - \/5(361? —ay —4d} +4a} +3ak —al +5a5 +3af —2ay +al, —af, - 2a}, +aty - 3a}, + 8aly — 8ay,

—8a5, — 65, + 2a5 — 16a5,)/16 — \/E(Saf ~7d5 +2a5 - 2d5 —5a5 +7a; — a5 —Tag +8ay +3aj},
—3a}, - 3a); +9a), +8ajs — 1643, + 8a5, +24a5,)/48,

b = (=ai" +a5" +af +2ag")/ V2 - (@i® = 2a5° +a5° +3a5°)/ V6,
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by = (—a5" — a5t +a§ +2a5") ) V2 - (<2a5° +a5® +a5® +3a5%)/ V6,
b = (a5" +a3")/ V2 - Qai* ~a5* —a5*)/ Ve,
bS = (@t — a5t/ V2- (=a$® +2a5° —a5)/ V6.

(A17)

Note that the inverse solution does not exist because the number of terms of topological amplitudes is larger than the
SU(3) irreducible amplitudes.

The terms constructed by H(6)}; in Eq. (A14) can be written as

b1(B,3) H(6) M (By),, = bi(B,3):H(6)" M{(By),,

J

by(B,3) H(6),,M(Bys)] = bx(B,3)iH(6)" M(Bs)].

1l

b3(B,5) H(6), M!(By)l = b3(B,5) iH(6)" MI(By)],

J

by(B,5) H(6)", M (By);, = by [(B,5)1H(6) M(By)}, — (B,3):H(6) M{(By)}, + (8,3) i H(6) M)(By)l] .
bs(B,3) H(6)', M{(Bs)! = —bs[(B,3):H(6)" M(Bs)] + (B,3)iH(6)" M!(By)}].

(A18)

where (8,3)' = €/(8B,3) /2 is used. There are four invariant tensors in the RHS of Eq. (A18). It indicates that the degree
of freedom of the SU(3) irreducible amplitudes associated with the 6 representation is four. We can define four new
parameters to replace by ~ bs,

bi:bl—bz;, bé:bz—bS, bg:b3+b4, b:‘:b4—b5.

(A19)

The amplitude of the 8,5 — B3M decay can also be constructed by third-rank octet tensors and SU(3) irreducible op-
erators. The SU(3) irreducible amplitude of the B,; — B§ M decay constructed by third-rank octet tensors is

A (By5 — By M) = ¢} (B,3); H(15)gM,,(B)™ + 3 (B,5); HO)u M, (B Y + €3 (B,3); HAS) M, (B )

+¢3(B,3)iHAS) M (B + 2 (B5)iH(15), ML(Bg )™ + ¢3 (B,z),;H(6)L,MI (B3
+63(By3)i H(15)y M, (B)™ + 5 (B,3)i H15)y M, (B)™ + €5 (B,3);; H(15)y M, (B5)"™
+050(B,3)i H(6), ML (B3 Y™ + ¢, (B7)i H(6)y MA(B3)™ + ¢35(B,3)i;H(6)i, M~ (B3)'™

+ 3 (B3)i HAS)M (BN + ¢3,(B,3) HOYG M, (B)™ + ¢15(B,3)i H(5)j, My (B3
+C16(B3)iHO), My (B)™ +¢11(B,3)i; HA5), My (B)Y + ¢14(B,3)i;H (3 M, (B3 )"
+C1o(B,3)i HBM: (B )™ + 50(B,3)i HB M- (B3 + 65, (B,3);; HB ) ML (B3)™
+cH(BRiHGIM (B + 53(8,3)i HB M, (B)™" + &54(8,7),; HB i M, (B)™
+C35(B,3)ii HB M (B3 )™ + ¢36(B,7)i HB ) ME(BI)™ + ¢5(B,3)i; H3 , i ML (B )
+¢75 (B,3) HB), MUBH™ + 5% (B,3)i HB; MBS Y™ + ¢5° (B,5),, H3), Mi(B3 )M
+¢5° (B3 HBLM(B)"Y +¢5° (B,3) HBM(B)™.

The relations of the SU(3) irreducible amplitudes and the topological amplitudes are derived as

¢

S, 8
s _ a7 taj
o =-—1—>r

S S
S:al +a,

S_ S s s S, S S_ s
s_ 41— s_ 3 s _ 9 s _ 45 tag s _ 95 —dg
cz - 4 ’ 3 = b C4 - 8 b CS - 8 b C6 - 4 ’
s_ S S8 s_ S s, s
oS = a; —ay s _ agtay ] ag —ay s _ Gy tay ] ag —ap
’ 10 4 ’ 8 8 ’ 11 4 ’ 9 8 ’ 12 4 ’
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S S S S S S S S S
S = apit+aiy &S = aj—dyy s _ Gistdie oS = ajs —dig s _ %
13 8 > 14 4 ’ 15 8 > 16 4 ’ 17 >

3 1 1 1 3 1 3 1 3 1
S S S S S S S S S S S S S S
Cig=—-a;, ——a, ——a; ——a, +—-ad,yta Cpn=——a,+—=-a, ——a —a; ——a; ta
18 8 1 8 2 4 4 8 7 8 10 18> 23 8 1 8 2 4 4 8 7 8 10 23>

1 3 1 3 1 3 3 1 3 1 3 1
S S S S S S S S S S S S S S S

Cilo=—=d; +=a5 +—-as ——d; ——dg + =d|, +djg, Cry= =07 ——=0a, ——ds + =d; + —dg — =d;; + 0>y,
19 8 1 8 2 8 5 8 6 8 8 8 11 19 24 8 1 8 2 8 5 8 6 8 8 8 11 24

1 3 1 1 3 1 1 3 3 1
S S S S S S S S S S S S S
Cop= —ay ——das +—-a;, ——dy +—-a,,+a C —a, +—-as ——a; +—-a —dap,,ta
20 4 3 8 5 8 6 8 9 8 12 20° 25 4 3 8 5 8 6 8 9 8 12 25>

3 1 3 1 1 3 1 3 1 3 3

S S S S S S S S S S S S S S S S
Chy = ——=dg +—aj,+—=a =y — A3+ =dj, a5, Ch=—dg— —dj— =a —d\,+ —aj;— =dj, + a5,
21 8 8 8 11 8 9 8 12 8 13 8 14 21 26 8 8 8 11 8 9 8 12 8 13 8 14 26

3 1 3 1 1 1 3 1 3
S S S S S S S S S S S
Cyrn = —a a —dis+ -di+—-aj;+a Cyy = anx+—-a,+-as——-a,+—-a;+a
22 8 13 8 14 8 15 8 16 4 17 22> 27 8 13 8 14 8 15 8 16 4 17 27
R

The SU(3) irreducible amplitude of the B3 — B4 M decay constructed by third-rank octet tensors is

ANBz - BiM) = ¢} (B3);; HAS)IML(BHM + 5 (B 3)iHO ML (B)™ + ¢4 (B 3)i HO) M (B)
+¢5(B3)iH(O) My (B +¢5 (B 3)i; H(15)y My (Bg)™ + c6(B 3)i;H(6) My (8™
+05(B3)i HS),ME(BL)Y™ + ¢4 (B3)i H15), ME(BLY™ + ¢y (B 3)i;H(15), ME (B
+ 0B HONu M, (B +¢1(B3) HO)y M, (B)™ + ¢1y(8,5)HO)y M, (B)"™
+c3(B ) HUS)M, (BN + ¢1y(B3)iH(O) M, (B)™ + ci5(B2)i H(15), M (B
+ (B3 HO)y M (B3)™ + ¢1(B8,3)i HO)uMy (B + ciy(B3)i HB M, (B
+1o(B2)iHB)M,, (B)™ + ch(B3)i HB M, (B)™ + 5(8,3);;H(3 M, (Bg)™
+ (B HB M B)™M + (B 3)i HB WM. (B ™ + c5y(B3)iH3, M (B Y™
+ch5(B3)iH 3, kM, (8™ + (B3 HB ) My (B)™ + iy (B3)ii H3 kM (8™
+ o (B3 HS)gM, (B + ¢0(B3)i;H(0) M, (B + ¢50(B3)i; HB M, (B5) ™"

+ ¢4 (B HB M BY) + (B R)iiHB My (B + ¢45(B3)iH (3, M (B
+c7M(B7)i HB)MU(B)™M + 54 (B,5) HB) Mi(B)™ + ¢ (B,5),;H(3) Mi( B )M
+c5M (B HB M (B)" + 5™ (B3 HBYM{(B3)"Y + ¢ (B,35),;H) M} (B3)

+ SN B3)i HB) MI(BE) -,

The relations of the SU(3) irreducible amplitudes and the topological amplitudes are derived as

AL A A A A AL A A A AL A
A_dta A_4 T4 A_ 43 A_ g A _ s +dg A _ U5 —dg A_ 47 +ay
cl - ’ C2_ b 3 = b C4_ b CS - b c6_ b c7 - ’

8 4 4 4 8 4 8

A_ A AL A A_ A AL A A_ A AL A
A _ G —ay A _ Ggtap A _ Gg—ap A_ Gy tap A _ Gy —dap A _ Giztay
=", - & =75 =Ty & =T g 0 ‘eT T4 v g o

A A AL A A A A A LA A A
A _ G913 dy A _ G5t die A _ 15— die A _ 91 A _ g T ay A _ Gy —dy
614—74 > Cls_ig s> Cig = 4 177 Cog = g Cy9 = 4

3 1 1 1 3 1 3 1 3 1
A A A A A LS A A A A AL A
Clg=za)—<ay,+=a,—-a; +-aj,+J =——a;+<d,—za,+-a; —<djta

7 10718 23 1 2 4 7 10 T3,
gt gt 27 8 8 ’ 8 8 2748 8
1 3 1 3 1 3 3 1 3 1 3 1
A _ A A A A A A A A _ 24 Loa a2 Loaa
619——§a1+§a2+§a5 ga6—§a8+§a11+a19, Cu = g~ g 8a5+8a6+8a8 8a11+a24,
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1

A 1A3A1A

=yl - S+ gl - g+ gy, = —sal gl - S+l - gab v,

ch=-qad + g+ 3 - gat— gab+ Satvad, = gab- St - e+ S+ Sab - pavad
5 = %aﬁ - %9?4 - %a?s + %a?é - 5“?7 +ay, = —éaﬁ + %aﬁ + éa?s - %a/?ﬁ + 5“?7 +ay,
=g+ gaht - g rdl, b= gl = Sdh - g i ra,

A = éa?s - %a?s - gaés + 201249 +ay, = _%a?s + %a?ﬁ + %aés - éa% +a;,

st =at, st =ds?, st =as?, st =a?, st =adt,

st =ad’, st =ast,

By substituting Egs. (8) and (A8) into each term of Eqs. (A20) and (A22), the relations between the SU(3) irreducible

amplitudes constructed by 3-rank and (1, 1)-rank octets are derived as

by = —Qc} + ¢y — )/ VN2+ Qe -, +26, - ¢S,)/ V6,

by = (5 —2¢5 +c2)/ V2+(3c3 — )/ V6,

by = —(ct g +2c1)/ V2 +(cg +3cie)/ V6,

by = (ci+cf +cty)/ V2- (c§ +2c5,—c5, =)/ Ve,

bs = (ch —2¢4 +cp +C) +Chy+ly =260/ V2+(3cS —cf = 2c} + ¢}y + ¢, =3¢}/ V6,
bs = (¢§ =€)/ N2+ (¢ = 2¢5 +¢5)/ V6,

by = (¢} + )/ V2= (cf =2¢3 +2¢5 )/ V6,

by = —(ct — )] V2+(2c - c§ - cfs +2¢1,)/ V6,

by = (¢t +cf+cb)/ \/5—(202 —c3+265 - —c3)/ Ve,

bro=—(ct + e+l +cb =l =208 V24 (5 =265 +265 — 8 +265 — ¢ — ¢ —3¢5,)/ V6,
by = (chy— i)/ V2 +(c35 - 265, + )/ V6,

iy = —(chy + s — b = 2¢8) ) V2 + (2, — &3, — 35— 3¢3,)/ V6,

bis = (chy +¢35)/ V2= 2c35 - ¢34 — ¢35)/ V6,

bis = —(chy — chs — s = 268) | N2 = (¢35 = 265, + 35+ 3¢3)/ V6,

bys = (¢l — i)/ V2 + (S — 265 + ¢3,)/ V6,

bis = —(cly + oy — o —2¢5))/ V2+ 2y — o — 30— 365,)/ Ve,

biy = (cfy +¢5)] V2= Q2cly— ¢y = 3)/ V6,

bis = —(cfy = By — ¢y = 2¢5)/ V2= (cfy = 2¢fy + c3 + 3¢5,/ V6,

B = (=S4 SN+ 58 #2681 ) V2 = (¢85 = 2655 + 655 +3¢55)/ V6,
b = (=5 = 5 + 51 #2651 ) V2 = (<2655 + 55 + ¢85 +3¢5%)/ V6,
by = (5" + e/ V2 - 265 - ¢5* - 5%/ Ve,

by = (¢ = c5™)/ V2= (=5 +2¢5% - 5%)/ V6.

By substituting Eqgs. (A21) and (A23) into Eq. (A24), Eq. (A17) is re-derived.
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As noted in Ref. [40], the amplitudes constructed by
3-rank or (1,1)-rank octets can be decomposed by the
other amplitudes constructed by 3-rank or (1, 1)-rank oct-
ets, and the inverse solutions exist. The amplitudes con-
structed by (1,1)-rank octets can be decomposed by the

amplitudes constructed by 3-rank octets. However, the
amplitudes constructed by 3-rank octets cannot be de-
composed by the amplitudes constructed by (1,1)-rank
octets.
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