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We study the rates and direct CP violations of two-body baryonic B̄u;d;s → BB̄0 and B−
c → BB̄0

decays, where the final state baryons include low-lying octet and decuplet baryons. We incorporate
topological amplitude formalism and the factorization approach. Asymptotic relations at large mb are
used to simplify decay amplitudes. Using the most up-to-date data on B̄0 → pp̄ and B− → Λp̄ decay
rates as inputs, rates and direct CP violations of B̄u;d;s → BB̄0 decays are revised and predicted. It is
interesting that the results on rates satisfy all existing experimental bounds and some are close to the
bounds. Factorization diagrams contribute to penguin-exchange, exchange, annihilation, and penguin-
annihilation amplitudes. Although the resulting penguin-exchange factorization amplitudes are sizable,
the rest suffer from severe chiral suppression and are sensitive to nonfactorizable contributions.
As the B̄s → pp̄ decay is governed by exchange and penguin annihilation amplitudes, the rate predicted
in factorization calculation is very rare, but it can be enhanced by including nonfactorizable
contributions. The case where the rate is enhanced to saturate the present experimental bound through
the enhancement on exchange or penguin-annihilation amplitudes is discussed. As annihilation modes
B−
c → BB̄0 decays from factorization calculation are found to be very rare, but they can be enhanced by

including nonfactorizable contributions as well. Small direct CP violations of pure penguin
modes in ΔS ¼ −1 B̄u;d;s → BB̄0 decays are robust predictions of the SM, while vanishing direct

CP violations of exchange modes in B̄u;d;s → BB̄0 decays and in all B−
c → BB̄0 decay modes are null tests

of the SM.

DOI: 10.1103/PhysRevD.106.036015

I. INTRODUCTION

Two body baryonic B decays with octet and decuplet
baryons have been searched experimentally for some time.
The present situation is summarized in Table I [1–9]. So
far only the B̄0 → pp̄ and B− → Λp̄ modes have been
observed [1,5]. As most of the bounds have not been
updated over a decade, experimental progress in this sector
from LHCb and Belle II in near future is anticipated.
Theoretically two body baryonic B decays have been

studied in various approaches, including pole model
[10–13], sum rule [14], diquark model [15,16], flavor
symmetry [17–23], factorization [24–27], and some other
calculations [28]. For some recent reviews, see [29,30].
In thisworkwewill employ the approach ofRefs. [21–23],

which made use of the well established topological ampli-
tude formalism [31–38] and asymptotic relations [39] in

the large mb limit. Note that the approach successfully
predicted the B− → Λp̄ rate [22] using the data of B̄0 →
pp̄ decay [40].
We shall extend the previous study in several aspects.

First, additional topological amplitudes will be introduced in
B̄q¼u;d;s → BB̄0 decays with B denoting low lying octet and
decuplet baryons. Second, some of the topological ampli-
tudes have factorization contributions, which can be calcu-
lated using factorization approach. For some important
progress of diagrammatic approach with factorization
assisted, one is referred to Refs. [41,42]. Note that B̄u;d;s

decaying to low lying octet baryon pairs have been studied in
Refs. [25,27] using factorization approach, but our formal-
ism is different and, consequently, we will be able to extend
the study to include all low lying octet and decuplet baryon
pairs. Third, we will study B−

c → BB̄0 decays and will give
predictions on rates and direct CP violations.
There are accumulating speculations of new physics

effects in rare B decays, see, for example, [43,44] from
some recent discussions. Any test of the Standard Model
(SM) should be welcomed. In this work we try to identify
some robust predictions from SM and null tests of the SM
in rare B decays in the baryonic sector.
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The layout of this paper is as following. We give the
formalism in Sec. II, which is followed by numerical results
on rates and directCP violations of B̄u;d;s → BB̄0 andB−

c →
BB̄0 decays in Sec. III. Section IV is devoted to discussions
and conclusions. We end this paper by two appendices.

II. FORMALISM

A. Topological amplitudes

The effective weak Hamiltonian for charmless B̄u;d;s
decays is given by [45]

Heff ¼
Gfffiffiffi
2

p
�X

r¼u;c

VqbV�
uq½c1Or

1 þ c2Or
2� − VtbV�

tq

X10
i¼3

ciOi

�
þ H:c:; ð1Þ

where we have q ¼ d, s, and

Or
1 ¼ ðr̄bÞV−Aðq̄rÞV−A; Or

2 ¼ ðr̄αbβÞV−Aðq̄βrαÞV−A;
O3ð5Þ ¼ ðq̄bÞV−A

X
q0
ðq̄0q0ÞV∓A; O4ð6Þ ¼ ðq̄αbβÞV−A

X
q0
ðq̄0βq0αÞV∓A;

O7ð9Þ ¼
3

2
ðq̄bÞV−A

X
q0
eq0 ðq̄0q0ÞV�A; O8ð10Þ ¼

3

2
ðq̄αbβÞV−A

X
q0
eq0 ðq̄0βq0αÞV�A; ð2Þ

with O3−6 the QCD penguin operators, O7−10 the electroweak penguin operators, and ðq̄0qÞV�A ≡ q̄0γμð1þ�γ5Þq. The
next-to-leading order Wilson coefficients,

c1 ¼ 1.081; c2 ¼ −0.190; c3 ¼ 0.014; c4 ¼ −0.036; c5 ¼ 0.009; c6 ¼ −0.042;

c7 ¼ −0.011αEM; c8 ¼ 0.060αEM; c9 ¼ −1.254αEM; c10 ¼ 0.223αEM; ð3Þ

are evaluated in the naive dimensional regularization
scheme at scale μ ¼ 4.2 GeV [46].
We follow the approach of [21–23] to decompose B̄q →

BB̄, BD̄,DB̄ andDD̄ decay amplitudes, with q ¼ u, d, s, B
and D denoting low-lying octet and decuplet baryons, into
topological amplitudes. We have tree (T), penguin (P),

electroweak penguinðPEWÞ, W-exchange (E) annihilation,
penguin-annihilation (PA), and penguin-exchange (PE)
amplitudes, see Fig. 1 for the corresponding diagrams.
For ΔS ¼ 0 transition, the tree (OT ¼ O1;2), penguin
(OP ¼ O3−6) and electroweak penguin (OEWP ¼ O7−10)
operators in Hamiltonian has the following flavor structure,

TABLE I. Experimental results of B̄u;d;s → BB̄0 branching ratios. The upper limits are at 90% confidence level.

Mode LHCb Belle CLEO PDG [9]

B− → Λp̄ ð2.4þ1.0
−0.8 � 0.3Þ × 10−7 [1] <3.2 × 10−7 [2] ð2.4þ1.0

−0.9 Þ × 10−7

B− → Σ�0p̄ <4.7 × 10−7 [3] <4.7 × 10−7

B− → ΛΔþ <8.2 × 10−7 [3] <8.2 × 10−7

B− → Δ0p̄ <1.38 × 10−6 [4] <1.38 × 10−6

B− → pΔþþ <1.4 × 10−7 [4] <1.4 × 10−7

B̄0 → pp̄ ð1.27�0.13�0.05×0.03Þ×10−8 [6] <1.1 × 10−7 [2] ð1.25� 0.32Þ × 10−8

B̄0 → Σ�þp̄ <2.6 × 10−7 [3] <2.6 × 10−7

B̄0 → pΔþ;Δ−p̄ <1.6 × 10−6 [7] <1.6 × 10−6

B̄0 → ΛΔ0 <9.3 × 10−7 [3] <9.3 × 10−7

B̄0 → ΛΛ̄ <3.2 × 10−7 [2] <3.2 × 10−7

B̄0 → Δ0Δ0 <1.5 × 10−3 [8] <1.5 × 10−3

B̄0 → ΔþþΔþþ <1.1 × 10−4 [8] <1.1 × 10−4

B̄0
s → pp̄ <4.4 × 10−9 [6] <1.5 × 10−8
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OT ∼ ðūbÞðd̄uÞ ¼ Hik
j ðq̄ibÞðq̄kqjÞ;

OP ∼ ðd̄bÞðq̄iqiÞ ¼ Hkðq̄kbÞðq̄iqiÞ;
OEWP ∼Qjðd̄bÞðq̄jqjÞ ¼ HEW

ik
j ðq̄ibÞðq̄kqjÞ; ð4Þ

with

H12
1 ¼ 1 ¼ H2; HEW

2k
j ¼ Qjδ

k
j otherwise

Hik
j ¼ HEW

ik
j ¼ Hk ¼ 0: ð5Þ

Following Ref. [21] by suitably matching the qkqiql
flavor to decuplet and octet baryon fields, we obtain the
following effective Hamiltonian for B̄q → DD̄;BD̄;DB̄,
and BB̄ decays,

HDD̄
eff ¼ 6TDD̄B̄mHik

j D̄iklDljm þ 6PDD̄B̄mHkD̄kilDlim þ 6EDD̄B̄kHik
j D̄ilmDmlj þ 6ADD̄B̄iHik

j D̄klmDmlj

þ 2PADD̄B̄kHkD̄lmnDnml þ 6PEWDD̄B̄mHik
EWjD̄iklDljm þ 6PEDD̄B̄mHkD̄kilDlim; ð6Þ

(a) (b)

(c) (d)

(e) (f)

(g)

FIG. 1. Topological diagrams of (a) T (tree), (b) P (penguin), (c) E (W-exchange), (d) A (annihilation), (e) PA (penguin annihilation),
(f) PEW (electroweak penguin) and (g) PE (penguin-exchange) amplitudes in B̄ to baryon pair decays. These are flavor flow diagrams.
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HBD̄
eff ¼ −

ffiffiffi
6

p
T1BD̄B̄mHik

j ϵikaB̄
a
lD

ljm − 2
ffiffiffi
6

p
T2BD̄B̄mHik

j ϵaklB̄
a
iD

ljm −
ffiffiffi
6

p
PBD̄B̄mHkϵkiaB̄a

lD
lim −

ffiffiffi
6

p
EBD̄B̄kHik

j ϵilaB̄
a
mDmlj

−
ffiffiffi
6

p
ABD̄B̄iHik

j ϵklaB̄
a
mDmlj −

ffiffiffi
6

p
P1EWBD̄B̄mHEW

ik
j ϵikaB̄

a
lD

ljm − 2
ffiffiffi
6

p
P2EWBD̄B̄mHEW

ik
j ϵaklB̄

a
iD

ljm

−
ffiffiffi
6

p
PEBD̄B̄mHkϵkiaB̄a

lD
lim; ð7Þ

HDB̄
eff ¼ −

ffiffiffi
6

p
T1DB̄B̄mHik

j D̄iklϵ
ljbBm

b þ
ffiffiffi
6

p
T2DB̄B̄mHik

j D̄iklϵ
bjmBl

b þ
ffiffiffi
6

p
PDB̄B̄mHkD̄kilϵ

bimBl
b þ

ffiffiffi
6

p
EDB̄B̄kHik

j D̄ilmϵ
bliBm

b

þ
ffiffiffi
6

p
ADB̄B̄iHik

j D̄klmϵ
bliBm

b −
ffiffiffi
6

p
P1EWDB̄B̄mHEW

ik
j D̄iklϵ

ljbBm
b þ

ffiffiffi
6

p
P2EWDB̄B̄mHEW

ik
j D̄iklϵ

bjmBl
b

þ
ffiffiffi
6

p
PEDB̄B̄mHkD̄kilϵ

bimBl
b; ð8Þ

and

HBB̄
eff ¼ T1BB̄B̄mHik

j ϵikaB̄
a
l ϵ

ljbBm
b − T2BB̄B̄mHik

j ϵikaB̄
a
l ϵ

bjmBl
b þ 2T3BB̄B̄mHik

j ϵaklB̄
a
i ϵ

ljbBm
b − 2T4BB̄B̄mHik

j ϵaklB̄
a
i ϵ

bjmBl
b

− 5P1BB̄B̄mHkϵkiaB̄a
l ϵ

libBm
b − P2BB̄B̄mHkϵkiaB̄a

l ϵ
bimBl

b − 5E1BB̄B̄kHik
j ϵilaB̄

a
mϵ

mlbBj
b − E2BB̄B̄kHik

j ϵilaB̄
a
mϵ

bljBl
m

− 5A1BB̄B̄iHik
j ϵklaB̄

a
mϵ

mlbBj
b − A2BB̄B̄iHik

j ϵklaB̄
a
mϵ

bljBl
m þ P1EWBB̄B̄mHEW

ik
j ϵikaB̄

a
l ϵ

ljbBm
b

− P2EWBB̄B̄mHEW
ik
j ϵikaB̄

a
l ϵ

bjmBl
b þ 2P3EWBB̄B̄mHEW

ik
j ϵaklB̄

a
i ϵ

ljbBm
b − 2P4EWBB̄B̄mHEW

ik
j ϵaklB̄

a
i ϵ

bjmBl
b

− PABB̄B̄kHkϵlmaB̄
a
nϵ

nmbBl
b − 5PE1BB̄B̄mHkϵkiaB̄

a
l ϵ

libBm
b − PE2BB̄B̄mHkϵkiaB̄

a
l ϵ

bimBl
b: ð9Þ

with B̄m ¼ ðB−; B̄0; B̄0
sÞ, D111 ¼ Δþþ, D112 ¼ Δþ=

ffiffiffi
3

p
,

D122 ¼ Δ0=
ffiffiffi
3

p
, D222¼Δ−, D113 ¼ Σ�−=

ffiffiffi
3

p
, D123 ¼

Σ�0=
ffiffiffi
6

p
, D223 ¼ Σ�−=

ffiffiffi
3

p
, D133 ¼ Ξ�0=

ffiffiffi
3

p
, D233 ¼

Ξ�−=
ffiffiffi
3

p
D333 ¼ Ω−, and

B ¼

0
BBB@

Σ0ffiffi
2

p þ Λffiffi
6

p Σþ p

Σ− − Σ0ffiffi
2

p þ Λffiffi
6

p n

Ξ− Ξ0 −
ffiffi
2
3

q
Λ

1
CCCA; ð10Þ

(see, for example [47]). Note that the penguin exchange
amplitudes, PE are new and the coefficients of PA are
adjusted (by a factor of 1=3) for later purpose.
The above formalism can be extended to study B−

c →
BB̄0 decays. The Hamiltonian governing the decays has the
following flavor structure,

OT ∼ ðc̄bÞðd̄uÞ ¼ Hck
j ðc̄bÞðq̄kqjÞ;

Hc2
1 ¼ 1; otherwise Hck

j ¼ 0: ð11Þ

Hence the effective Hamiltonian for B̄c → DD̄;BD̄;DB̄
and BB̄ decays can be constructed similarly giving

HcDD̄
eff ¼ 6Ac

DD̄
B̄cHck

j D̄klmDmlj; ð12Þ

HcDB̄
eff ¼

ffiffiffi
6

p
Ac
DB̄

B̄cHck
j D̄klmϵ

bliBm
b ; ð13Þ

HcBD̄
eff ¼ −

ffiffiffi
6

p
Ac
BD̄

B̄cHck
j ϵklaB̄a

mDmlj; ð14Þ

and

HcBB̄
eff ¼ −5Ac

1BB̄
B̄cHck

j ϵklaB̄a
mϵ

mlbBj
b

− Ac
2BB̄

B̄cHck
j ϵklaB̄

a
mϵ

bljBl
m: ð15Þ

The above results for B̄u;d;s andB−
c decays are forΔS ¼ 0

transitions. In the case ofΔS ¼ −1 transition, we put a prime
in topological amplitudes and useH13

1 ¼ 1 ¼ H3,HEW
3k
j ¼

Qjδ
k
j , and Hc3

1 ¼ 1 for nonvanishing elements, instead.
The B̄q; B̄c → BB̄0;BD̄0;DB̄0, andDD̄0 decay amplitudes

obtained using these effective Hamiltonian are collected in
Appendix A. Since the flavor flow structures of penguin
exchange diagrams and penguin diagrams are identical, see
Fig. 1(b) and (g), these two topological amplitudes always

occur in the combination of Pð0Þ
i þPEð0Þ

i in the decay ampli-
tudes. It should be noted that although the above constructions
make use of SU(3) symmetry, they are use as tools, as
bookkeeping devices, to obtain flavor flow structure of the
decay amplitudes. Once the flavor flow structure is obtained,
SU(3) breaking effects, through masses, decay constants and
so on, in these topological amplitudes can be imposed. Note
that annihilation diagrams only exist in B− and B−

c decays,
while exchange diagrams only exist in B0

d and B
0
s decays and

penguin-annihilation diagrams only exist in B̄0
dðsÞ → BB̄ and

DD̄ decays, where the final state antibaryon is the antiparticle
of the associated final state baryon.

B. Factorization contributions to
Að0Þ, Eð0Þ, PEð0Þ, and PAð0Þ

A typical factorizable B̄ → BB̄0 decay amplitude has
the following expression, which is similar to the mesonic
case [46]:
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AfacðB̄ → BB̄0Þ ¼ GFffiffiffi
2

p
�
VubV�

uq½a1ðq̄uÞV−A ⊗ ðūbÞV−A þ a2ðūuÞV−A ⊗ ðq̄bÞV−A�

− VtbV�
tq

�
a3
X
q0
ðq̄0q0ÞV−A ⊗ ðq̄bÞV−A þ a4

X
q0
ðq̄q0ÞV−A ⊗ ðq̄0bÞV−A

þ a5
X
q0
ðq̄0q0ÞVþA ⊗ ðq̄bÞV−A − 2a6

X
q0
ðq̄q0ÞSþP ⊗ ðq̄0bÞS−P

��
; ð16Þ

where O1 ⊗ O2 is the shorthand of

O1 ⊗ O2 ≡ hBB̄0jO1j0ih0jO2jB̄i ð17Þ

and we neglect the contributions from electroweak penguin
operators in the factorization calculation. Note that in
factorization calculation the electroweak penguin operators
contribute to electroweak-exchange and electroweak-anni-
hilation diagrams, which are negligible comparing to the
topological amplitudes generated from tree and strong
penguin operators, and these topological amplitudes are

not considered in this work. In the leading order, the
coefficients ai are defined in terms of the effective Wilson
coefficients ci as

aLOi¼odd ≡ ci þ ciþ1=Nc;

aLOi¼even ≡ ci þ ci−1=Nc: ð18Þ

Contributions beyond the leading order will neglected in
this work. It will be useful to express the above factori-
zation amplitudes according to the decaying mesons, giving

AfacðB− → BB̄0Þ ¼ GFffiffiffi
2

p fVubV�
uqa1ðq̄uÞV−A ⊗ ðūbÞV−A − VtbV�

tq½a4ðq̄uÞV−A ⊗ ðūbÞV−A
− 2a6ðq̄uÞSþP ⊗ ðūbÞS−P�g; ð19Þ

AfacðB̄d → BB̄0Þ ¼ GFffiffiffi
2

p
�
VubV�

uqa2ðūuÞV−A ⊗ ðq̄bÞV−Aδqd

− VtbV�
tq

�
a3
X
q0
ðq̄0q0ÞV−A ⊗ ðq̄bÞV−Aδqd þ a4ðq̄dÞV−A ⊗ ðd̄bÞV−A

þ a5
X
q0
ðq̄0q0ÞVþA ⊗ ðq̄bÞV−Aδqd − 2a6ðq̄dÞSþP ⊗ ðd̄bÞS−P

��
; ð20Þ

AfacðB̄s → BB̄0Þ ¼ GFffiffiffi
2

p
�
VubV�

uqa2ðūuÞV−A ⊗ ðq̄bÞV−Aδqs

− VtbV�
tq

�
a3
X
q0
ðq̄0q0ÞV−A ⊗ ðq̄bÞV−Aδqs þ a4ðq̄sÞV−A ⊗ ðs̄bÞV−A

þ a5
X
q0
ðq̄0q0ÞVþA ⊗ ðq̄bÞV−Aδqs − 2a6ðq̄sÞSþP ⊗ ðs̄bÞS−P

��
; ð21Þ

and

AfacðB−
c → BB̄0Þ ¼ GFffiffiffi

2
p VcbV�

uqa1ðq̄uÞV−A ⊗ ðc̄bÞV−A: ð22Þ

By comparing these amplitudes with the topological amplitudes given in Appendix A, we have the following
correspondence between topological amplitudes and the factorization amplitudes:

TWO-BODY BARYONIC Bu;d;s AND Bc TO … PHYS. REV. D 106, 036015 (2022)

036015-5



cAi;B−
u→BB̄0Ai;B−

u→BB̄0 ¼ GFffiffiffi
2

p VubV�
uda1ðd̄uÞV−A ⊗ ðūbÞV−A;

cA
c

i;B−
c→BB̄0Ac

i;B−
c→BB̄0 ¼ GFffiffiffi

2
p VcbV�

uda1ðd̄uÞV−A ⊗ ðc̄bÞV−A;

cEi;B̄d→BB̄0Ei;B̄d→BB̄0 ¼ GFffiffiffi
2

p VubV�
uda2ðūuÞV−A ⊗ ðd̄bÞV−A;

cPEi;B̄q00→BB̄0PEi;B̄q00→BB̄0 ¼ −
GFffiffiffi
2

p VtbV�
td½a4ðd̄q00ÞV−A ⊗ ðq̄00bÞV−A − 2a6ðd̄q00ÞSþP ⊗ ðq̄00bÞS−P�;

cPAB−
d→BB̄0PAB−

d→BB̄0 ¼ −
GFffiffiffi
2

p VtbV�
td

�
a3
X
q0
ðq̄0q0ÞV−A ⊗ ðd̄bÞV−A þ a5

X
q0
ðq̄0q0ÞVþA ⊗ ðd̄bÞV−A

�
; ð23Þ

for ΔS ¼ 0 transition, and

cA
0

i;B−
u→BB̄0A0

i;B−
u→BB̄0 ¼ GFffiffiffi

2
p VubV�

usa1ðs̄uÞV−A ⊗ ðūbÞV−A;

cA
0c

i;B−
c→BB̄0A0c

i;B−
c→BB̄0 ¼ GFffiffiffi

2
p VcbV�

usa1ðs̄uÞV−A ⊗ ðc̄bÞV−A;

cE
0

i;B̄s→BB̄0E0
i;B̄s→BB̄0 ¼ GFffiffiffi

2
p VubV�

usa2ðūuÞV−A ⊗ ðs̄bÞV−A;

cPE
0

i;B̄q00→BB̄0PE0
i;B̄q00→BB̄0 ¼ −

GFffiffiffi
2

p VtbV�
ts½a4ðs̄q00ÞV−A ⊗ ðq̄00bÞV−A − 2a6ðs̄q00ÞSþP ⊗ ðq̄00bÞS−P�;

cPA
0

B−
s →BB̄0PA0

B−
s →BB̄0 ¼ −

GFffiffiffi
2

p VtbV�
ts

�
a3
X
q0
ðq̄0q0ÞV−A ⊗ ðs̄bÞV−A þ a5

X
q0
ðq̄0q0ÞVþA ⊗ ðs̄bÞV−A

�
; ð24Þ

for ΔS ¼ −1 transition, where the constants c are the Clebsch-Gordan coefficients accompanying with the topological
amplitudes in the corresponding B̄q → BB̄0 decay amplitudes as shown in Appendix A and summations over i, if necessary,
are understood.
Using

h0jðq̄bÞV−AjB̄qi ¼ −ifBq
pμ ð25Þ

and equations of motions, the matrix elements in the above equations can be evaluated as

hBB̄0jðq̄q0ÞV∓Aj0ih0jðq̄00bÞV−AjB̄q00 i ¼ −ifBq00 ½ðmq −mq̄0 ÞhBB̄0jðq̄q0ÞSj0i ∓ ðmq þmq̄0 ÞhBB̄0jðq̄q0ÞPj0i�;

hBB̄0jðq̄q0ÞSþPj0ih0jðq̄00bÞS−PjB̄q00 i ¼ ifBq00

m2
Bq00

mb þmq00
hBB̄0jðq̄q0ÞSþPj0i: ð26Þ

Hence the above factorization amplitudes can all be expressed in terms of the hBB̄0jðq̄q0ÞS;Pj0i matrix elements. For later
purposes, we define

rBB̄ ≡ hBB̄jPq0mq0 ðq̄0q0ÞS−Pj0i
ðPq0mq0 ÞhBB̄j

P
q0 ðq̄0q0ÞS−Pj0i

: ð27Þ

In the large mB limit, there are asymptotic relations between the matrix elements of hBB̄0jðq̄q0ÞS;Pj0i, see Appendix B.
Consequently, the rBB̄ defined in Eq. (27) reduces to

rBB̄ ¼ mue1 þmde2 þmse3
mu þmd þms

; ð28Þ
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with ei some constants. The ðe1; e2; e3Þ and rBB̄ for B̄ → DD̄ and BB̄ decays are given in Table II. Furthermore, in the large
mB limit, the matrix elements hBB̄0jðq̄q0ÞS;Pj0i are related, giving the following asymptotic relations,

Að0Þ
1;2BB̄0 ¼ Að0Þ

BD̄0 ¼ Að0Þ
DB̄0 ¼ Að0Þ

DD̄0 ¼ Að0Þ
B−
u
; Að0Þc

1;2BB̄0 ¼ Að0Þc
BD̄0 ¼ Að0Þc

DB̄0 ¼ Að0Þc
DD̄0 ¼ Að0Þc

B−
c
;

Eð0Þ
1;2BB̄0 ¼ Eð0Þ

BD̄0 ¼ Eð0Þ
DB̄0 ¼ Eð0Þ

DD̄0 ¼ Eð0Þ
B̄0ðB̄0

sÞ; PEð0Þ
1;2BB̄0 ¼ PEð0Þ

BD̄0 ¼ PEð0Þ
DB̄0 ¼ PEð0Þ

DD̄0 ¼ PEð0Þ
B̄q00

;

PAð0Þ
BB̄

¼ PAð0Þ
DD̄

¼ PAð0Þ
B̄0
dðsÞ
; ð29Þ

with

AB−
u
¼−ifBu

GFffiffiffi
2

p VubV�
uda1fðm2

Bu
ÞūðpBÞ½ðmd−muÞ− ðmdþmuÞγ5�vðpB̄0 Þ;

Ac
B−
c
¼−ifBc

GFffiffiffi
2

p VcbV�
uda1fðm2

Bc
ÞūðpBÞ½ðmd−muÞ− ðmdþmuÞγ5�vðpB̄0 Þ;

EB̄d
¼ ifBd

GFffiffiffi
2

p VubV�
uda22mufðm2

Bd
ÞūðpBÞγ5vðpB̄0 Þ;

PEB̄q00 ¼ ifBq00
GFffiffiffi
2

p VtbV�
tdfðm2

Bq00
ÞūðpBÞ

��
a4ðmd−mq00 Þþ2a6

m2
Bq00

mbþmq00

�
þ
�
−a4ðmdþmq00 Þþ2a6

m2
Bq00

mbþmq00

�
γ5

�
vðpB̄0 Þ;

PAB̄d
¼−ifBd

GFffiffiffi
2

p VtbV�
tdfðm2

Bd
Þða3−a5Þ2ðmuþmdþmsÞrBB̄ūðpBÞγ5vðpB̄Þ; ð30Þ

and

A0
B−
u
¼−ifBu

GFffiffiffi
2

p VubV�
usa1fðm2

Bu
ÞūðpBÞ½ðms−muÞ−ðmsþmuÞγ5�vðpB̄0 Þ;

A0c
B−
c
¼−ifBc

GFffiffiffi
2

p VcbV�
usa1fðm2

Bc
ÞūðpBÞ½ðms−muÞ−ðmsþmuÞγ5�vðpB̄0 Þ;

E0̄
Bs
¼ ifBs

GFffiffiffi
2

p VubV�
usa22mufðm2

Bs
ÞūðpBÞγ5vðpB̄0 Þ;

PE0̄
Bq00

¼ ifBq00
GFffiffiffi
2

p VtbV�
tsfðm2

Bq00
ÞuBðpBÞ

��
a4ðms−mq00 Þþ2a6

m2
Bq00

mbþmq00

�
þ
�
−a4ðmsþmq00 Þþ2a6

m2
Bq00

mbþmq00

�
γ5

�
vðpB̄0 Þ;

PA0̄
Bs
¼−ifBs

GFffiffiffi
2

p VtbV�
tsða3−a5Þfðm2

Bs
Þ2ðmuþmdþmsÞrBB̄ūðpBÞγ5vðpB̄0 Þ: ð31Þ

TABLE II. The coefficients ðe1; e2; e3Þ and rBB̄ for DD̄ and BB̄ final states.

BB̄ ðe1; e2; e3Þ rBB̄ BB̄ ðe1; e2; e3Þ rBB̄

ΔþþΔþþ (1, 0, 0) 0.022 ΔþΔþ 1
3
ð2; 1; 0Þ 0.030

Δ0Δ0 1
3
ð1; 2; 0Þ 0.038 Δ−Δ− (0, 1, 0) 0.047

Σ�þΣ�þ 1
3
ð2; 0; 1Þ 0.325 Σ�0Σ�0 1

3
ð1; 1; 1Þ 0.333

Σ�−Σ�− 1
3
ð0; 2; 1Þ 0.342 Ξ�0Ξ�0 1

3
ð1; 0; 2Þ 0.628

Ξ�−Ξ�− 1
3
ð0; 1; 2Þ 0.637 Ω−Ω− (0, 0, 1) 0.932

pp̄ 1
3
ð4;−1; 0Þ 0.013 nn̄ 1

3
ð−1; 4; 0Þ 0.055

ΣþΣþ 1
3
ð4; 0;−1Þ −0.282 Σ0Σ0 1

3
ð2; 2;−1Þ −0.265

Σ−Σ− 1
3
ð0; 4;−1Þ −0.248 ΛΛ̄ (0, 0, 1) 0.932

Ξ0Ξ0 1
3
ð−1; 0; 4Þ 1.235 Ξ−Ξ− 1

3
ð0;−1; 4Þ 1.226
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Note that the Clebsch-Gordan coefficients in Eqs. (23) and
(24) canceled out in the above equations. Furthermore, Að0Þ,
Eð0Þ, and PAð0Þ are proportional to light quark masses and
are vanishing in the chiral limit, while PEð0Þ are not
vanishing. The chiral limits of these topological amplitudes
are consistent with the findings in [22,23], except PEð0Þ,
which were not considered in [22,23].
Through SU(3) symmetry the matrix element

hΛp̄js̄γμuj0i can be related to proton electromagnetic
(EM) form factors [48]. The timelike proton EM form
factors were fitted in Ref. [49] using data from Ref. [50].
By employing the fitted proton electromagnetic form
factors from Ref. [49] and by matching with the following
matrix element,

hΛp̄js̄uj0i ¼ 3

ffiffiffi
3

2

r
fðq2ÞūðpΛÞvðpp̄Þ; ð32Þ

in the asymptotic limit, we obtain

fðq2Þ ¼ −
1

3

mΛ −mp

ms −mu
Gp

Mðq2Þ; ð33Þ

where Gp
M is the timelike magnetic form factor of proton.

The central values of the form factors fðq2Þ at various B
meson masses, by using the Gp

Mðq2Þ in Ref. [49] and the
quark masses at μ ¼ 4.2 GeV (see the next section for
the quark masses used) are shown in Table III. Note that the
values of the form factors (except the one for B−

c ) in the
table are of the same order to those obtained in a recent
work using MIT-bag model calculation [27].

C. Specifying topological amplitudes

In the large mB limit, the chirality nature of weak
and strong interactions provides asymptotic relations
[39] giving [21–23]:

Tð0Þ ¼ Tð0Þ
1BB̄;2BB̄;3BB̄;4BB̄

¼ Tð0Þ
1BD̄;2BD̄

¼ Tð0Þ
1DB̄;2DB̄

¼ Tð0Þ
DD̄

;

Pð0Þ ¼ Pð0Þ
1BB̄;2BB̄

¼ Pð0Þ
BD̄

¼ Pð0Þ
DB̄

¼ Pð0Þ
DD̄

;

Pð0Þ
EW ¼ Pð0Þ

1EWBB̄;2EWBB̄;3EWBB̄;4EWBB̄
¼ Pð0Þ

1EWBD̄;2EWBD̄

¼ Pð0Þ
1EWDB̄;2EWDB̄

¼ Pð0Þ
EWDD̄

; ð34Þ

and those shown in Eq. (29). Note that the relations on
PEð0Þ, Eð0Þ Að0Þ, and PAð0Þ in Eq. (29) are new.
The tree, penguin, and electroweak penguin amplitudes

are estimated to be [23]

Tð0Þ ¼ VubV�
udðsÞ

Gfffiffiffi
2

p ðc1 þ c2Þχū0ð1− γ5Þv;

Pð0Þ ¼ −VtbV�
tdðsÞ

Gfffiffiffi
2

p ½c3 þ c4 þ κ1c5 þ κ2c6�χū0ð1− γ5Þv;

Pð0Þ
EW ¼ −

3

2
VtbV�

tdðsÞ
Gfffiffiffi
2

p ½c9 þ c10 þ κ1c7 þ κ2c8�

× χū0ð1− γ5Þv; ð35Þ
where ci are the next-to-leading order Wilson coefficients.
The parameters κi are expected to be of Oð1Þ and, for
simplicity, we assume κ1 ¼ κ2 ¼ κ. We will extract χ and κ
from the latest data on B̄0 → pp̄ and B− → Λp̄ decay rates.
From the above equation we see that χ and κ are correlated.
In our numerical study we assume χ and κ to be real and
positive for simplicity. This assumption will be relaxed in
the uncertainty estimation by introducing a relative phase
between Tð0Þ and Pð0Þ þ PEð0Þ (recall that P and PE always
come together in this combination) and we will see that the
phase does not sizably affect the B̄0 → pp̄ and B− → Λp̄
rates.
Following Ref. [23] we apply the following corrections

to Tð0Þ
i , Pð0Þ

i , and Pð0Þ
EWi to the asymptotic relations, Eq. (34),

to account for the finite mB effects, which are estimated to
be OðmB=mBÞ with mB the baryon mass, giving

Tð0Þ
i ¼ ð1þ rð0Þt;i ÞTð0Þ; Pð0Þ

i ¼ ð1þ rð0Þp;iÞPð0Þ
;

Pð0Þ
EWi ¼ ð1þ rð0Þewp;iÞPð0Þ

EW; ð36Þ

and

jrð0Þt;i j; jrð0Þp;ij; jrð0Þewp;ij ≤ mp=mB: ð37Þ

The above parameters rð0Þ can have phases and the rð0Þ for
ū0u and ū0γ5u terms are independent. Likewise, for penguin
exchange amplitudes, we use

PEð0Þ
i ≡ ð1þ rð0Þpe;iÞPEð0Þ

B̄q00
ð38Þ

to estimate the corrections to the asymptotic relations in
Eq. (29). Note that the amplitudes are proportional to the
form factor fðm2

BÞ in Table III and the above corrections
should include the uncertainty in the form factors. We

assign jrð0Þpe;ij ≤ 0.5.
For annihilation, exchange and penguin annihilation-

amplitudes, the situation is more complicate. For example,
as shown in Fig. 2, an exchange diagram without chiral flip
cannot produce ūv or ūγ5v structure and hence cannot

TABLE III. Central values of the form factors fðq2Þ at various
B meson masses.

Bq fðm2
Bq
Þ Bq fðm2

Bq
Þ

B− −0.0012 B̄0 −0.0012
B̄0
s −0.0011 B−

c −0.0005

CHUN-KHIANG CHUA PHYS. REV. D 106, 036015 (2022)

036015-8



contribute to B̄d;s decays. To overcome that we need to
introduce chiral flip. There are two ways to generate a
chiral flip, either by quark mass or by baryon mass. As one
can see from Eqs. (30) and (31), the factorization ampli-
tudes in annihilation, exchange, and penguin-annihilation
amplitudes use quark masses to generate the chiral flips,
while it is possible to have nonfactorization contributions
generating the chiral flip through ΛQCD=mb. Indeed, it is
well known that the majority of the mass of a baryon does
not come from quark mass, but from strong interaction.
Therefore, ΛQCD can play the role of baryon mass in chiral
flip. To estimate the corrections to the asymptotic relations
in Eq. (29) for annihilation, exchange and penguin-
annihilation amplitudes, we use the following equations,

Að0Þ
i ≡ ð1þ rð0Þa;iÞAð0Þ

B−
u
þ ηð0Þa;i

ΛQCD

mb
Tð0Þ;

Acð0Þ
i ≡ ð1þ rcð0Þa;i ÞAcð0Þ

B−
c
þ ηcð0Þa;i

ΛQCD

mb
Tð0Þ
c ;

Eð0Þ
i ≡ ð1þ rð0Þe;iÞEð0Þ

B̄0ðB̄0
sÞ þ ηð0Þe;i

ΛQCD

mb
Tð0Þ;

PAð0Þ
BB̄;DD̄

≡ ð1þ rð0Þpa;iÞPAð0Þ
B̄0
dðsÞ

þ ηð0Þpa
ΛQCD

mb
Pð0Þ; ð39Þ

where terms with ΛQCD=mb are estimations of nonfacto-
rization contributions. Since Tð0Þ and Pð0Þ are nonfactoriz-
able, it is natural to use them in the above estimation. Note

that Tð0Þ
c is Tð0Þ but with the Cabibbo–Kobayashi–Maskawa

(CKM) factor Vub replaced by Vcb. We assign jrð0Þa;ij, jrð0Þe;ij,
jrð0Þpa;ij, jrcð0Þa;i j ≤ 0.5, and jηð0Þa;ij, jηcð0Þa;i j, jηð0Þe;ij, and jηð0Þpaj ≤ 1.
Numerically we take ΛQCD ¼ 292 MeV [51]. Note that we
will separate penguin, penguin-exchange, and penguin-
annihilation amplitudes into u-penguin and c-penguin
contributions and their rs and ηs will be varying separately.
Furthermore, all rs and ηs for ū0u and ū0γ5u terms are
independent.
We are now ready to perform a numerical study using the

above equations and the amplitudes given in Appendix A.

III. NUMERICAL RESULTS ON RATES
AND DIRECT CP ASYMMETRIES

Numerical results on rates and direct CP asymmetries
will be presented in this section. In our numerical study,
masses of mesons and baryons are taken from Ref. [9].
In addition, quark masses and decay constants are taken
from the central values given in Ref. [9], explicitly, we
use mu ¼ 1.86 MeV, md ¼ 4.02 MeV, ms ¼ 79.98 MeV,
mb ¼ 4.2 GeV, at μ ¼ 4.2 GeV, fBu

¼ 190 MeV,
fBd

¼ 190 MeV, and fBs
¼ 230 MeV. For the Bc decay

constant, we follow Ref. [52] and use fBc
¼ 436 MeV.

CKM matrix elements are from the latest fit in Ref. [53].

A. Sizes of topological amplitudes

Using the recent data on the B̄0 → pp̄ rate and the B− →
Λp̄ rate, the unknown parameters χ and κ in asymptotic
amplitudes, Eq. (35), are fitted to be1

χ ¼ ð4.50þ0.25
−0.26Þ × 10−3 GeV2; κ ¼ 1.47þ0.55

−0.60 : ð40Þ
These values are similar to those given in Ref. [23],
where the values were χ ¼ ð5.08þ1.12

−1.02Þ × 10−3 GeV2 and
κ ¼ 1.92þ0.39

−0.46 . The value of χ is reduced as the experimental
B̄0 → pp̄ rate is reduced. While κ is reduced as PE0 also
contributes to the B− → Λp̄ rate and hence reduces the
contribution fromP0. Note that the κ in the above equation is
closer to 1 and hence agrees better with our expectation.
As noted previously Pð0Þ and PEð0Þ always come in

the combination of Pð0Þ þ PEð0Þ. Therefore it is Tð0Þ and
Pð0Þ þ PEð0Þ that are determined from the data. It will be
useful to see their ratios. The penguin-tree (tree-penguin)
and penguin-exchange-penguin ratios for ΔS ¼ 0 (−1)
transitions are found to be				PB̄d

þPEB̄d

TB̄d

				¼ 0.26�0.05;

				 T 0
B−

P0
B− þPE0

B−

				¼ 0.19þ0.05
−0.03 ;

ð41Þ
and

				 PEð0Þ
B−

Pð0Þ
B− þPEð0Þ

B−

				¼ 0.27þ0.07
−0.04 ;

				 PEð0Þ
B̄d

Pð0Þ
B̄d

þPEð0Þ
B̄d

				¼ 0.27þ0.07
−0.04 ;

				 PEð0Þ
B̄s

Pð0Þ
B̄s
þPEð0Þ

B̄s

				¼ 0.30þ0.07
−0.04 ; ð42Þ

FIG. 2. The chiral structure of an exchange diagram without
chiral flip (for simplicity, we plot a spacelike diagram). It needs a
chiral flip to contribute to B̄ decays.

1As noted previously χ and κ are correlated. We find that
with χ ¼ ð4.495þ 0.354R cos λ − 0.003R sin λÞ × 10−3 GeV
and κ ¼ 1.441 − 0.000R cos λþ 0.573R sin λ, the experimental
rates BðB̄0 → pp̄Þ ¼ ð1.27� 0.14Þ × 10−8 and BðB− → Λp̄Þ ¼
ð2.4þ1.0

−0.9 Þ × 10−7 can be reproduced with 0 ≤ R ≤ 1 and
0 ≤ λ ≤ 2π. Note that R ¼ 0 does not correspond to the exper-
imental central values of the decay rates.
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where the errors reflect the uncertainties in χ and κ and we
keep only the dominant contribution in PEð0Þ. Note that
the jPEð0Þj=jPð0Þ þ PEð0Þj ratio is about 30%. It is interest-
ing that the PEð0Þ from factorization contribution is non-
negligible comparing to Pð0Þ. This agrees with some early
studies, although they did not identify the contribution as
PEð0Þ [25,27].
We now discuss the sizes of annihilation, exchange, and

penguin-annihilation amplitudes with respect to the sizes of
penguin-exchange amplitudes in factorization amplitudes.
Using Eqs. (30) and (31), we see that the ratio of
annihilation and penguin-exchange factorization ampli-
tudes for ΔS ¼ 0 transition is given by

AB−

PEB−
≃−

VubV�
ud

VtbV�
td

a1
a6

mb þmu

2m2
B−

×
ūðpBÞ½ðmd −muÞ− ðmd þmuÞγ5�vðpB̄0 Þ

ūðpBÞð1þ γ5ÞvðpB̄0 Þ ; ð43Þ

where we keep only the dominant term in PE. Note that the
form factor fðq2Þ are canceled out in the ratio.
Furthermore, in the decay rate, the ūv and ūγ5v terms in
the decay amplitude do not interfere. Hence it is legitimate
to consider their ratios separately, namely

ðAB−ÞS
ðPEB−ÞS

≃ −
VubV�

ud

VtbV�
td

a1
a6

mb þmu

2m2
B−

ūðpBÞ½ðmd −muÞ�vðpB̄0 Þ
ūðpBÞvðpB̄0 Þ

¼ −
VubV�

ud

VtbV�
td

a1
a6

ðmb þmuÞðmd −muÞ
2m2

B−
; ð44Þ

and

ðAB−ÞP
ðPEB−ÞP

≃ −
VubV�

ud

VtbV�
td

a1
a6

mb þmu

2m2
B−

×
ūðpBÞ½−ðmd þmuÞγ5�vðpB̄0 Þ

ūðpBÞγ5vðpB̄0 Þ

¼ VubV�
ud

VtbV�
td

a1
a6

ðmb þmuÞðmd þmuÞ
2m2

B−
: ð45Þ

It should be noted that the ratio of jðPEB̄q
ÞSj and jðPEB̄q

ÞPj
are of order 1, as

jðPEB̄q
ÞSj

jðPEB̄q
ÞPj

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Bq
− ðmB þmB̄0 Þ2

m2
Bq

− ðmB −mB̄0 Þ2

vuut ¼ 0.8 ∼ 0.9; ð46Þ

for the modes we are considering in this work.
Similarly the ratios of exchange and penguin-exchange

amplitudes and penguin-annihilation and penguin-exchange
factorization amplitudes are

ðEB̄d
ÞS

ðPEB̄d
ÞS
¼ 0;

ðEB̄d
ÞP

ðPEB̄d
ÞP

≃
VubV�

ud

VtbV�
td

a2
a6

ðmbþmdÞmu

m2
B̄d

; ð47Þ

and

ðPAB̄d
ÞS

ðPEB̄d
ÞS

¼ 0;

ðPAB̄d
ÞP

ðPEB̄d
ÞP

≃
a5 − a3
a6

ðmb þmdÞðmu þmd þmsÞ
m2

B̄d

rBB̄; ð48Þ

with rBB̄ defined in Eq. (28) and its value given in Table II.
For ΔS ¼ −1 transition, we have the following expression
for ratios of topological factorization amplitudes,

ðA0
B−ÞS

ðPE0
B−ÞS

≃ −
VubV�

us

VtbV�
ts

a1
a6

ðmb þmuÞðms −muÞ
2m2

B−
;

ðA0
B−ÞP

ðPE0
B−ÞP

≃
VubV�

us

VtbV�
ts

a1
a6

ðmb þmuÞðms þmuÞ
2m2

B−
; ð49Þ

ðE0̄
Bs
ÞS

ðPE0̄
Bs
ÞS
¼ 0;

ðE0̄
Bs
ÞP

ðPE0̄
Bs
ÞP

≃
VubV�

us

VtbV�
ts

a2
a6

ðmbþmsÞmu

m2
B̄s

; ð50Þ

and

ðPA0̄
Bs
ÞS

ðPE0̄
Bs
ÞS

¼ 0;

ðPA0̄
Bs
ÞP

ðPE0̄
Bs
ÞP

≃
a5 − a3

a6

ðmb þmsÞðmu þmd þmsÞ
m2

B̄s

rBB̄: ð51Þ

Numerically we obtain the following ratios of sizes for
topological factorization amplitudes,				 ðAB−ÞS
ðPEB−ÞS

				 ≃ 0.0018;

				 ðAB−ÞP
ðPEB−ÞP

				 ≃ 0.0048;				 ðEB̄d
ÞS

ðPEB̄d
ÞS

				 ¼ 0;

				 ðEB̄d
ÞP

ðPEB̄d
ÞP

				 ≃ 0.0005;

				 ðPAB̄d
ÞS

ðPEB̄d
ÞS

				 ¼ 0;

				 ðPAB̄d
ÞP

ðPEB̄d
ÞP

				 ≃ 0.0012jrBB̄j; ð52Þ

for ΔS ¼ 0 transition, and				 ðA0
B−ÞS

ðPE0
B−ÞS

				 ≃ 0.0031;

				 ðA0
B−ÞP

ðPE0
B−ÞP

				 ≃ 0.0032;

				 ðE0̄
Bs
ÞS

ðPE0̄
Bs
ÞS

				 ¼ 0;

				 ðE0̄
Bs
ÞP

ðPE0̄
Bs
ÞP

				 ≃ 2.4 × 10−5;

				 ðPA
0̄
Bs
ÞS

ðPE0̄
Bs
ÞS

				 ¼ 0;

				 ðPA
0̄
Bs
ÞP

ðPE0̄
Bs
ÞP

				 ≃ 0.0011jrBB̄j; ð53Þ

for ΔS ¼ −1 transition. These ratios are very small.
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As the B−
c → BB̄0 decays are governed by annihilation

diagrams, it is useful to have some estimations on the
sizes of the annihilation factorization amplitudes. Using
Eqs. (30) and (31), we have

				ðA
ð0Þc
B−
c
ÞS;P

ðAð0Þ
B−
u
ÞS;P

				¼pcðBcÞ
pcðBuÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Bc
−ðmB�mB̄0 Þ2

m2
Bu
−ðmB�mB̄0 Þ2

s
fBc

fðm2
Bc
Þ

fBu
fðm2

Bu
Þ
				Vcb

Vub

				
≃
pcðBcÞ
pcðBuÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Bc
−ðmB�mB̄0 Þ2

m2
Bu
−ðmB�mB̄0 Þ2

s
×10.9

≃Oð10Þ: ð54Þ

Hence, annihilation factorization amplitudes in B−
c decays

are greater than those in B−
u decays by roughly one order of

magnitude. It should also be noted that although the
lifetimes of Bu;d;s are more or less similar, the lifetime
of Bc is only about one third of their typical lifetime
providing a factor of 3 suppression in B−

c branching ratios.
As these factorization contributions suffer from severe

chiral suppression, the nonfactorizable contributions
become important and non-negligible.

B. Numerical results on rates

Predictions on B̄q → BB̄0 and B−
c → BB̄0 decay rates

will given in this section. Before we present our result, it
will be useful to remind us the detection sensitivities of

TABLE IV. Baryons are grouped according to their detect-
ability. Some final states where baryons can decay with unsup-
pressed branching ratios are shown.

Baryons Final states

p, Δþþ;0, Λ, Ξ−, Σ��, Ξ�0, Ω− all charged particles
ðΔþþ;0;Λ → pπ�;

Ξ−;Σ��;Ξ�0 → pðπþÞnðπ−Þn0 ;
Ω− → pπ−K−Þ

Δþ, Σþ, Ξ0, Σ�0, Ξ�− involving π0

ðΔþ;Σþ → pπ0;
Ξ0;Σ�0 → Λπ0;Ξ�− → Λπ0π−Þ

Σ0 involving γ
(Σ0 → Λγ)

n, Δ−, Σ− involving n
(Δ−;Σ− → nπ−)

TABLE V. Decay rates B̄q → BB̄ decays forΔS ¼ 0 and−1 transitions. See text for the sources of the uncertainties.
Occasionally the last uncertainties are shown to larger decimal place. The experimental B̄0 → pp̄ and B− → Λp̄ rates
are inputs. The rank indicates the detectability of the mode, where more asterisks are more favorable.

Mode (rank) Bð10−8Þ Mode (rank) Bð10−8Þ
B− → np̄ 3.39þ0.86

−0.78
þ0 þ2.81þ1.06
−0.23−1.93−0.76 B̄0

s → pΣþð��Þ 1.26þ0.14
−0.14

þ0
−0.05

þ1.84
−1.01 � 0

B− → Σ0Σþð�Þ 3.01þ0.42
−0.39

þ0
−0.18

þ2.57
−1.78

þ1.07
−0.87 B̄0

s → nΣ0 0.59þ0.07
−0.07

þ0.02
−0

þ0.29
−0.22 � 0

B− → Σ−Σ0 0.57þ0.24
−0.22

þ0.00
−0

þ0.68
−0.38

þ0.12
−0.00 B̄0

s → nΛ̄ 2.95þ0.54
−0.50

þ0
−0.20

þ2.65
−1.80 � 0

B− → Σ−Λ̄ 0.43þ0.18
−0.16

þ0.00
−0

þ0.31
−0.21

þ0.04
−0.00 B̄0

s → Σ0Ξ0ð�Þ 9.77þ1.06
−1.07

þ0
−0.44

þ5.63
−4.36 � 0

B− → Ξ−Ξ0 0.07þ0.03
−0.03

þ0.00
−0

þ0.05
−0.03

þ0.01
−0.00 B̄0

s → Σ−Ξ− 1.76þ0.72
−0.65 � 0 þ1.32

−0.88 � 0

B− → ΛΣþ 0.43þ0.18
−0.16

þ0.00
−0

þ0.53
−0.21

þ0.04
−0.00 B̄0

s → ΛΞ0 0.11þ0.04
−0.04 � 0 þ0.85

−0.10 � 0

B̄0 → pp̄ð� � �Þ 1.27þ0.14
−0.14

þ0
−0.05

þ1.85
−1.02

þ1.32
−0.84 B̄0 → ΣþΣþ 0.00� 0� 0� 0þ0.22

−0.00
B̄0 → nn̄ 6.09þ0.85

−0.80
þ0
−0.36

þ5.23
−3.62

þ0.60
−0.57 B̄0 → Σ0Σ0ð�Þ 1.39þ0.19

−0.18
þ0
−0.08

þ1.19
−0.82

þ0.63
−0.50

B̄0 → Ξ0Ξ0 0.00� 0� 0� 0þ0.01
−0.00 B̄0 → Σ−Σ− 1.05þ0.45

−0.40
þ0.00
−0

þ1.25
−0.71

þ0.09
−0.08

B̄0 → Ξ−Ξ− 0.06þ0.03
−0.02

þ0.00
−0

þ0.04
−0.03 � 0.02 B̄0 → Σ0Λ̄ð�Þ 3.54þ0.39

−0.39
þ0
−0.13

þ1.88
−1.48

þ0.47
−0.44

B̄0 → ΛΛ̄ 0.00� 0� 0 þ0.24
−0

þ0.03
−0.00 B̄0 → ΛΣ0 0.20þ0.09

−0.08
þ0
−0.00

þ0.17
−0.10

þ0.01
−0.00

B− → Σ0p̄ 0.82þ0.36
−0.32

þ0
−0.25

þ0.71
−0.49 � 0.01 B̄0 → Σþp̄ð��Þ 1.75þ0.68

−0.62
þ0.59
−0

þ1.24
−0.85 � 0

B− → Σ−n̄ 1.70þ0.73
−0.65

þ0
−0.00

þ1.10
−0.83 � 0.02 B̄0 → Σ0n̄ 1.01þ0.35

−0.32
þ0.65
−0

þ0.73
−0.45 � 0

B− → Ξ0Σþð�Þ 40.32þ16.97
−15.25

þ2.70
−0

þ26.22
−19.67

þ0.45
−0.44 B̄0 → Ξ0Σ0ð�Þ 18.68þ7.83

−7.06
þ1.26
−0

þ12.15
−9.11 � 0

B− → Ξ−Σ0ð��Þ 19.80þ8.44
−7.57

þ0
−0.00

þ12.93
−9.70

þ0.24
−0.23 B̄0 → Ξ0Λ̄ð��Þ 2.48þ0.97

−0.88
þ0.84
−0

þ4.33
−2.13 � 0

B− → Ξ−Λ̄ð� � �Þ 2.41þ1.03
−0.92

þ0
−0.00

þ4.27
−2.14

þ0.07
−0.06 B̄0 → Ξ−Σ− 36.68þ15.64

−14.02 � 0 þ23.95
−17.96 � 0

B− → Λp̄ð� � �Þ 24.00þ10.00
−9.00

þ2.69
−0

þ19.37
−13.65

þ0.31
−0.30 B̄0 → Λn̄ 23.00þ9.31

−8.41
þ5.19
−0

þ18.59
−13.01 � 0

B̄0
s → pp̄ 0.00� 0� 0 þ0.07

−0.00 B̄0
s → ΣþΣþð�Þ 1.83þ0.69

−0.63
þ0.60
−0

þ1.33
−0.92

þ0.67
−0.54

B̄0
s → nn̄ 0.00� 0� 0 þ0.05

−0.00 B̄0
s → Σ0Σ0ð�Þ 1.74þ0.69

−0.62
þ0.28
−0

þ1.19
−0.87

þ0.62
−0.52

B̄0
s → Ξ0Ξ0ð�Þ 26.38þ10.47

−9.50
þ4.27
−0

þ28.15
−17.95

þ2.08
−2.00 B̄0

s → Σ−Σ− 1.66þ0.68
−0.62

þ0
−0.00

þ1.10
−0.82

þ0.55
−0.47

B̄0
s → Ξ−Ξ−ð� � �Þ 25.22þ10.37

−9.36
þ0
−0.04

þ26.95
−17.26

þ1.97
−1.90 B̄0

s → Σ0Λ̄ 0.04þ0.00
−0.00

þ0.05
−0

þ0.05
−0.03 � 0.01

B̄0
s → ΛΛ̄ð� � �Þ 16.08þ6.38

−5.79
þ2.60
−0

þ13.21
−9.23

þ1.73
−1.64 B̄0

s → ΛΣ0 0.04þ0.00
−0.00

þ0.05
−0

þ0.02
−0.01 � 0.01
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various baryonic final states. In Table IV, we show some
final states of the baryons with unsuppressed branching
ratios. These final states affect the detectability of the
baryons. The detectability of the baryons in decreasing
order are final states with all charged states, final states
involving π0 or γ and final states involving n [9,22].
Baryons are grouped accordingly in the table.
Predictions on branching ratios of B̄q → BB̄ decays with

inputs using BðB̄0 → ppÞ and BðB− → Λp̄Þ data are given
in Tables V–VII and VIII. There are four uncertainties, the
first one is from the uncertainties of χ and κ as shown in
Eq. (40), reflecting the experimental uncertainties in B̄0 →
pp̄ and B− → Λp̄ rates; the second one is from varying the
penguin strong phase ϕ, where we use a common strong

phase for Pð0Þ, Pð0Þ
PE and Pð0Þ

EW for simplicity; the third one is
by relaxing the asymptotic relations by varying rt;i, rp;i,
rewp;i, and rpe;i in Eqs. (36) and (38); the last one is from
the uncertainties in subleading contributions from ra;i, re:i,
rpa;i, ηa;i, ηe:i, and ηpa;i in Eq. (39).
Modes are ranked according to decay rates and detect-

ability. Those with three asterisks are the most favorable
ones. They have relatively large rates and the baryons
can decay to all charged final states. Those with two aster-
isks are the second ranked ones. They need a π0 or γ
for detection. Those with one asterisk are the third

ranked ones, where π0π0, π0γ, or γγ are needed for
detection.
As shown in Table V, B̄0 → pp and B− → Λp̄ decays are

modes ranked as � � �. They have large rates and very good
detectability. It is natural that they are the first two modes
observed. In fact, they are the only two modes being
detected so far. Note that the second uncertainties of the
rates of these two modes from varying the relative phase of
Tð0Þ and Pð0Þ þ PEð0Þ are comparably small.
There are other modes, such as B̄0

s → Ξ−Ξ− decay,
ranked as � � �, which are predicted to have sizable rates
and good detectability. The B̄0

s → pp̄ rate from factoriza-
tion contribution is predicted to be very rare, being 10−9 or
10−10 of the B̄0 → pp̄ or B− → Λp̄ decay rate. The
smallness of the factorization contribution to this decay
rate can be understood using Eqs. (42) and (53). The B̄s →
pp̄ rate shown in Table V comes mainly from nonfactor-
izable contributions estimated using Eq. (39). Therefore,
once the B̄s → pp̄ rate is measured, one can use it to give
valuable information on nonfactorizable contributions. We
will discuss the consequences of an enhanced B̄s → pp̄
decay rate saturating the present experimental bound in the
next section.
In Table IX, we show the predictions of B−

c → BB̄0
branching ratios. The central values correspond to
decay rates from factorization contributions, which are

TABLE VI. Same as Table V, but for B̄q → BD̄ modes.

Mode (rank) Bð10−8Þ Mode (rank) Bð10−8Þ
B− → pΔþþð� � �Þ 5.88þ0.61

−0.61
þ0
−0.30

þ9.26
−4.88

þ0.71
−0.67 B̄0

s → pΣ�þð� � �Þ 1.82þ0.18
−0.19

þ0
−0.10

þ2.89
−1.51 � 0

B− → nΔþ 1.79þ0.19
−0.19

þ0.09
−0

þ0.98
−0.67

þ0.23
−0.22 B̄0

s → nΣ�0 0.82þ0.09
−0.09

þ0.04
−0

þ0.46
−0.31 � 0

B− → Σ0Σ�þð��Þ 2.70þ0.30
−0.29

þ0
−0.08

þ1.46
−1.15

þ0.18
−0.17 B̄0

s → Σ0Ξ�0ð��Þ 2.45þ0.27
−0.27

þ0
−0.08

þ1.36
−1.06 � 0

B− → Σ−Σ�0 0.10þ0.03
−0.02

þ0.00
−0

þ0.09
−0.06

þ0.00
−0.00 B̄0

s → Σ−Ξ�− 0.20� 0.05� 0 þ0.20
−0.12 � 0

B− → Ξ−Ξ�0 0.15þ0.04
−0.04

þ0.00
−0

þ0.15
−0.09

þ0.01
−0.00 B̄0

s → Ξ−Ω− 0.47þ0.12
−0.11 � 0 þ0.47

−0.29 � 0

B− → ΛΣ�þ 0.30þ0.08
−0.08

þ0.00
−0

þ0.54
−0.18

þ0.01
−0.00 B̄0

s → ΛΞ�0 0.31þ0.08
−0.07 � 0 þ0.54

−0.19 � 0

B̄0 → pΔþð��Þ 1.82þ0.19
−0.19

þ0
−0.09

þ2.86
−1.51

þ0.22
−0.21 B̄0 → ΣþΣ�þ 0.00� 0� 0 þ0.01

−0.00

B̄0 → nΔ0 1.66þ0.18
−0.18

þ0.08
−0

þ0.91
−0.62

þ0.21
−0.20 B̄0 → Σ0Σ�0ð�Þ 1.25þ0.14

−0.14
þ0
−0.04

þ0.68
−0.53 � 0.08

B̄0 → Ξ0Ξ�0 0.00� 0� 0 þ0.01
−0.00 B̄0 → Σ−Σ�− 0.18þ0.05

−0.05 � 0 þ0.17
−0.10 � 0

B̄0 → Ξ−Ξ�− 0.14þ0.04
−0.04 � 0 þ0.14

−0.08 � 0 B̄0 → ΛΣ�0 0.14þ0.04
−0.04

þ0
−0.00

þ0.25
−0.08

þ0.01
−0.00

B− → ΣþΔþþð��Þ 15.68þ3.92
−3.81

þ3.39
−0

þ14.09
−9.39 � 0.09 B̄0 → ΣþΔþð�Þ 4.85þ1.21

−1.18
þ1.05
−0

þ4.35
−2.90 � 0

B− → Σ0Δþð�Þ 10.11þ2.60
−2.52

þ1.09
−0

þ8.78
−6.02 � 0.07 B̄0 → Σ0Δ0ð��Þ 9.37þ2.41

−2.34
þ1.01
−0

þ8.14
−5.58 � 0

B− → Σ−Δ0 4.91þ1.29
−1.25

þ0
−0.00

þ4.18
−2.90 � 0.04 B̄0 → Σ−Δ− 13.64þ3.60

−3.48 � 0 þ11.63
−8.08 � 0

B− → Ξ0Σ�þð��Þ 3.92þ1.07
−1.02

þ0
−0.80

þ3.86
−2.55 � 0.04 B̄0 → Ξ0Σ�0ð�Þ 1.82þ0.49

−0.48
þ0
−0.37

þ1.79
−1.18 � 0

B− → Ξ−Σ�0 2.02þ0.53
−0.51

þ0
−0.00

þ1.72
−1.19 � 0.02 B̄0 → Ξ−Σ�−ð� � �Þ 3.73þ0.98

−0.95 � 0 þ3.18
−2.21 � 0

B− → ΛΔþ 0.10þ0.01
−0.01

þ0.13
−0

þ0.04
−0.03 � 0 B̄0 → ΛΔ0 0.09þ0.01

−0.01
þ0.12
−0

þ0.04
−0.03 � 0

B̄0
s → pΔþ 0.00� 0� 0 þ0.0004

−0.00 B̄0
s → ΣþΣ�þð��Þ 5.36þ1.26

−1.23
þ1.09
−0

þ4.93
−3.27 � 0.03

B̄0
s → nΔ0 0.00� 0� 0 þ0.0004

−0.00 B̄0
s → Σ0Σ�0ð�Þ 5.19þ1.25

−1.22
þ0.52
−0

þ4.62
−3.15 � 0.02

B̄0
s → Ξ0Ξ�0ð��Þ 4.00þ1.02

−0.99
þ0
−0.77

þ4.01
−2.63 � 0.03 B̄0

s → Σ−Σ�− 5.03þ1.24
−1.21 � 0 þ4.41

−3.03 � 0

B̄0
s → Ξ−Ξ�−ð��Þ 4.11þ1.01

−0.99 � 0 þ3.60
−2.47 � 0 B̄0

s → ΛΣ�0 0.05þ0.01
−0.01

þ0.06
−0

þ0.02
−0.02 � 0.01
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TABLE VII. Same as Table V, but for B̄q → DB̄ modes.

Mode (rank) Bð10−8Þ Mode (rank) Bð10−8Þ
B− → Δ0p̄ð� � �Þ 1.68þ0.19

−0.19
þ0.05
−0

þ0.82
−0.62

þ0.23
−0.22 B̄0

s → ΔþΣþð�Þ 1.50þ0.16
−0.17

þ0
−0.06

þ0.81
−0.64 � 0

B− → Δ−n̄ 0.30þ0.13
−0.12

þ0.00
−0

þ0.22
−0.15

þ0.03
−0.00 B̄0

s → Δ0Σ0ð��Þ 0.91þ0.13
−0.12

þ0
−0.05

þ0.61
−0.45 � 0

B− → Σ�0Σþð�Þ 0.65þ0.07
−0.07

þ0.02
−0

þ0.32
−0.24

þ0.09
−0.08 B̄0

s → Δ−Σ− 0.27þ0.11
−0.10 � 0 þ0.20

−0.13 � 0

B− → Σ�−Σ0 0.04þ0.02
−0.01

þ0.00
−0

þ0.03
−0.02 � 0.00 B̄0

s → Σ�0Ξ0ð�Þ 2.33þ0.26
−0.26

þ0
−0.05

þ1.08
−0.88 � 0

B− → Ξ�−Ξ0 0.06þ0.03
−0.02

þ0.00
−0

þ0.05
−0.03

þ0.01
−0.00 B̄0

s → Σ�−Ξ− 0.07� 0.03� 0 þ0.05
−0.04 � 0

B− → Σ�−Λ̄ 0.12þ0.05
−0.05

þ0.00
−0

þ0.09
−0.06

þ0.01
−0.00 B̄0

s → Δ0Λ̄ð� � �Þ 2.14þ0.24
−0.24

þ0
−0.01

þ0.83
−0.69 � 0

B̄0 → Δþp̄ð��Þ 1.66þ0.18
−0.18

þ0
−0.06

þ0.88
−0.69

þ0.22
−0.20 B̄0 → Σ�þΣþ 0.00� 0� 0� 0 þ0.01

−0.00
B̄0 → Δ0n̄ 6.24þ0.70

−0.69
þ0
−0.14

þ2.86
−2.32

þ0.43
−0.41 B̄0 → Σ�0Σ0 0.30þ0.03

−0.03
þ0.01
−0

þ0.15
−0.11 � 0.04

B̄0 → Ξ�0Ξ0 0.00� 0� 0� 0 þ0.01
−0.00 B̄0 → Σ�−Σ− 0.07þ0.03

−0.03 � 0 þ0.05
−0.04 � 0

B̄0 → Ξ�−Ξ− 0.06þ0.02
−0.02 � 0 þ0.04

−0.03 � 0 B̄0 → Σ�0Λ̄ð��Þ 1.02þ0.11
−0.11

þ0
−0.04

þ0.54
−0.42 � 0.13

B− → Σ�0p̄ð��Þ 1.01þ0.44
−0.39

þ0
−0.31

þ0.76
−0.55 � 0.02 B̄0 → Σ�þp̄ð� � �Þ 2.15þ0.84

−0.76
þ0.73
−0

þ1.39
−1.03 � 0

B− → Σ�−n̄ 2.09þ0.89
−0.80

þ0
−0.00

þ1.35
−1.02

þ0.03
−0.02 B̄0 → Σ�0n̄ 1.24þ0.43

−0.39
þ0.80
−0

þ0.79
−0.56 � 0

B− → Ξ�0Σþð��Þ 1.54þ0.68
−0.60

þ0
−0.47

þ1.17
−0.84 � 0.03 B̄0 → Ξ�0Σ0 0.71þ0.31

−0.28
þ0
−0.22

þ0.54
−0.39 � 0

B− → Ξ�−Σ0ð�Þ 0.80þ0.34
−0.31

þ0
−0.00

þ0.52
−0.39 � 0.01 B̄0 → Ξ�−Σ− 1.48þ0.63

−0.57 � 0 þ0.95
−0.72 � 0

B− → Ω−Ξ0ð��Þ 3.85þ1.64
−1.47

þ0
−0.00

þ2.48
−1.87 � 0.05 B̄0 → Ω−Ξ−ð� � �Þ 3.55þ1.51

−1.36 � 0 þ2.29
−1.72 � 0

B− → Ξ�−Λ̄ð��Þ 2.53þ1.08
−0.97

þ0
−0.00

þ1.63
−1.23 � 0.03 B̄0 → Ξ�0Λ̄ð� � �Þ 2.60þ1.02

−0.92
þ0.88
−0

þ1.68
−1.24 � 0

B̄0
s → Δþp̄ 0.00� 0� 0� 0 þ0.0004

−0.00 B̄0
s → Σ�þΣþð��Þ 2.06þ0.78

−0.71
þ0.67
−0

þ1.37
−1.00 � 0.01

B̄0
s → Δ0n̄ 0.00� 0� 0� 0 þ0.0004

−0.00 B̄0
s → Σ�0Σ0ð�Þ 1.95þ0.77

−0.70
þ0.32
−0

þ1.27
−0.95 � 0.01

B̄0
s → Ξ�0Ξ0ð��Þ 1.92þ0.64

−0.59
þ1.21
−0

þ1.25
−0.88 � 0.01 B̄0

s → Σ�−Σ− 1.86þ0.76
−0.69 � 0 þ1.23

−0.92 � 0

B̄0
s → Ξ�−Ξ−ð��Þ 1.51þ0.62

−0.56 � 0 þ1.00
−0.75 � 0 B̄0

s → Σ�0Λ̄ 0.04þ0.00
−0.00

þ0.05
−0

þ0.02
−0.01 � 0.01

TABLE VIII. Same as Table V, but for B̄q → DD̄ modes.

Mode (rank) Bð10−8Þ Mode (rank) Bð10−8Þ
B− → ΔþΔþþð��Þ 14.78þ1.63

−1.63
þ0
−0.55

þ7.84
−6.18

þ1.96
−1.83 B̄0

s → ΔþΣ�þð��Þ 4.58þ0.50
−0.50

þ0
−0.18

þ2.48
−1.94 � 0

B− → Δ0Δþ 5.91þ0.82
−0.77

þ0
−0.35

þ3.87
−2.90

þ1.36
−1.19 B̄0

s → Δ0Σ�0ð��Þ 2.77þ0.39
−0.36

þ0
−0.17

þ1.86
−1.39 � 0

B− → Δ−Δ0 0.84þ0.36
−0.32

þ0.00
−0

þ0.60
−0.41

þ0.08
−0.00 B̄0

s → Δ−Σ�− 0.83þ0.34
−0.31 � 0 þ0.61

−0.41 � 0

B− → Σ�0Σ�þð��Þ 2.76þ0.38
−0.36

þ0
−0.16

þ1.80
−1.35

þ0.63
−0.55 B̄0

s → Σ�0Ξ�0ð��Þ 2.58þ0.36
−0.34

þ0
−0.15

þ1.74
−1.29 � 0

B− → Σ�−Σ�0 0.52þ0.22
−0.20

þ0.00
−0

þ0.37
−0.25

þ0.05
−0.00 B̄0

s → Σ�−Ξ�−ð��Þ 1.02þ0.42
−0.38 � 0 þ0.76

−0.51 � 0

B− → Ξ�−Ξ�0 0.24þ0.10
−0.09

þ0.00
−0

þ0.17
−0.12

þ0.02
−0.00 B̄0

s → Ξ�−Ω−ð��Þ 0.71þ0.29
−0.26 � 0 þ0.53

−0.35 � 0

B̄0 → ΔþþΔþþ 0.00� 0� 0� 0 þ0.25
−0.00 B̄0 → Σ�þΣ�þ 0.00� 0� 0� 0 þ0.12

−0.00

B̄0 → ΔþΔþð�Þ 4.57þ0.50
−0.50

þ0
−0.17

þ2.43
−1.91

þ1.68
−1.42 B̄0 → Σ�0Σ�0ð�Þ 1.28þ0.18

−0.17
þ0
−0.08

þ0.84
−0.63

þ0.54
−0.44

B̄0 → Δ0Δ0ð� � �Þ 5.48þ0.76
−0.72

þ0
−0.32

þ3.59
−2.69

þ1.11
−1.00 B̄0 → Σ�−Σ�−ð� � �Þ 0.96þ0.41

−0.37
þ0
−0.00

þ0.69
−0.47

þ0.17
−0.15

B̄0 → Δ−Δ− 2.32þ0.99
−0.89

þ0
−0.00

þ1.67
−1.13

þ0.26
−0.24 B̄0 → Ξ�0Ξ�0 0.00� 0� 0� 0 þ0.04

−0.00

B̄0 → Ω−Ω− 0.00� 0� 0� 0 þ0.01
−0.00 B̄0 → Ξ�−Ξ�− 0.22þ0.09

−0.08
þ0
−0.00

þ0.16
−0.11

þ0.08
−0.06

B− → Σ�þΔþþð� � �Þ 20.53þ8.03
−7.28

þ6.93
−0

þ13.28
−9.80 � 0.15 B̄0 → Σ�þΔþð��Þ 6.34þ2.48

−2.25
þ2.14
−0

þ4.10
−3.03 � 0

B− → Σ�0Δþð�Þ 12.94þ5.32
−4.79

þ2.18
−0

þ8.22
−6.18

þ0.13
−0.12 B̄0 → Σ�0Δ0ð��Þ 11.99þ4.93

−4.45
þ2.03
−0

þ7.62
−5.72 � 0

B− → Σ�−Δ0ð� � �Þ 6.19þ2.64
−2.36

þ0
−0.00

þ3.99
−3.00

þ0.08
−0.07 B̄0 → Σ�−Δ− 17.21þ7.33

−6.58 � 0 þ11.11
−8.36 � 0

B− → Ξ�0Σ�þð� � �Þ 23.99þ9.86
−8.89

þ4.05
−0

þ15.24
−11.46 � 0.23 B̄0 → Ξ�0Σ�0ð��Þ 11.12þ4.57

−4.12
þ1.88
−0

þ7.06
−5.31 � 0

B− → Ξ�−Σ�0ð�Þ 11.47þ4.89
−4.38

þ0
−0.00

þ7.41
−5.57 � 0.14 B̄0 → Ξ�−Σ�−ð��Þ 21.25þ9.06

−8.12 � 0 þ13.72
−10.32 � 0

B− → Ω−Ξ�0ð� � �Þ 15.80þ6.74
−6.04

þ0
−0.01

þ10.20
−7.67 � 0.19 B̄0 → Ω−Ξ�−ð��Þ 14.64þ6.24

−5.60 � 0 þ9.45
−7.11 � 0

B̄0
s → ΔþþΔþþ 0.00� 0� 0� 0 þ0.20

−0.00 B̄0
s → Σ�þΣ�þð� � �Þ 6.74þ2.55

−2.33
þ2.19
−0

þ4.48
−3.29

þ2.20
−1.87

B̄0
s → ΔþΔþ 0.00� 0� 0� 0 þ0.18

−0.00 B̄0
s → Σ�0Σ�0ð�Þ 6.39þ2.53

−2.30
þ1.03
−0

þ4.17
−3.12

þ2.12
−1.81

B̄0
s → Δ0Δ0 0.00� 0� 0� 0 þ0.17

−0.00 B̄0
s → Σ�−Σ�−ð� � �Þ 6.12þ2.51

−2.27
þ0
−0.01

þ4.06
−3.03

þ2.02
−1.73

B̄0
s → Δ−Δ− 0.00� 0� 0� 0 þ0.15

−0.00 B̄0
s → Ξ�0Ξ�0ð� � �Þ 23.64þ9.38

−8.51
þ3.82
−0

þ15.45
−11.53

þ3.79
−3.50

B̄0
s → Ω−Ω−ð� � �Þ 46.75þ19.22

−17.35
þ0
−0.08

þ31.03
−23.17

þ4.91
−4.66 B̄0

s → Ξ�−Ξ�−ð�Þ 22.63þ9.30
−8.39

þ0
−0.04

þ15.02
−11.21

þ3.60
−3.33
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very rare, ranging from 10−14 to 10−11. These modes are all

governed by annihilation amplitudes Að0Þc
BB0 . Although, as

shown in Eq. (54), the factorizable Að0Þc
Bc

is about 10 times

larger than Að0Þ
Bu
, the latter is very small. Hence,

it is natural to have B−
c → BB̄0 rates from factorization

contributions be suppressed than a typical B− → BB̄0
rate by several orders of magnitude. Nevertheless with
nonfactorization contributions, the B−

c → BB̄0 branching
ratios can be enhanced to 10−9 or even 10−8 level.
Measuring these modes can provide valuable informa-
tion on nonfactorization contributions to annihilation
amplitudes.

C. Numerical results on direct CP asymmetries

We show the predictions on direct CP violations in all
B̄q → BB̄0 modes in Tables X–XIII. Results are given
with ϕ ¼ 0, �π=4, and �π=2, where ϕ is the penguin
strong phase and we use a common strong phase for Pð0Þ,
Pð0Þ
PE, and Pð0Þ

EW for simplicity. Uncertainties are obtained

by varying all other strong phases in Eqs. (36), (38),
and (39).
Note that for ΔS ¼ −1 transition, the amplitudes of

B̄q → BB̄0 and its conjugated modes are given by

A ¼ VubV�
usjAujeiδu þ VcbV�

csjAcjeiδc ;
Ā ¼ V�

ubVusjAujeiδu þ V�
cbVcsjAcjeiδc : ð55Þ

Since we have jVubV�
usj=jVcbV�

csj ≃ 0.02, for

jAuj
jAcj

≲Oð1Þ; ð56Þ

we should have the following estimation on the direct CP
violation A,

jAj ≃ 2

				VubV�
us

VcbV�
cs

				 jAuj
jAcj

j sinðδu − δcÞj sin γ

≲ jAuj
jAcj

× 3.7%: ð57Þ

Indeed, Eq. (56) can be satisfied in the case of pure penguin
modes, where we expect

jAuj
jAcj

¼ Oð1Þ; ð58Þ

and, consequently, from Eq. (57), we should have,

jAj≲ jAuj
jAcj

× 3.7% ≃Oð1Þ × 3.7%; ð59Þ

for direct CP violations of ΔS ¼ −1 pure penguin modes.
In Table XIV we collect the predictions of direct CP
violation of these modes. We see that the sizes of the
predicted direct CP violations agree with the above
expectation.
In Table XV, we collect results of vanishing direct CP

violations from pure exchange modes. Since there is no any
penguin contribution, the direct CP violations of these
modes are predicted to be vanishing. These are null tests of
the SM.
In Table XVI, we give the predictions of direct CP

violation of B−
c → BB̄0 decays. As the decays are from

annihilation diagrams, there is no any penguin contribution,
and the direct CP violations are all predicted to be
vanishing. These are also null tests of the SM.

TABLE IX. B−
c → BB̄0 decay rates. The central values corre-

spond to factorization contributions.

Mode (ΔS ¼ 0) Bð10−9Þ Mode (ΔS ¼ −1) Bð10−9Þ
B−
c → np̄ 0.00096þ75.68

−0.00 B−
c → Σ0p̄ 0.00032þ0.09

−0.00

B−
c → Σ0Σþ 0.00030þ51.11

−0.00 B−
c → Σ−n̄ 0.00063þ0.19

−0.00

B−
c → Σ−Σ0 0.00030þ51.05

−0.00 B−
c → Ξ0Σþ 0.01505þ4.42

−0.00
B−
c → Σ−Λ̄ 0.00022þ17.09

−0.00 B−
c → Ξ−Σ0 0.00751þ2.21

−0.00

B−
c → Ξ−Ξ0 0.00004þ2.75

−0.00 B−
c → Ξ−Λ̄ 0.00091þ1.28

−0.00

B−
c → ΛΣþ 0.00022þ17.11

−0.00 B−
c → Λp̄ 0.00860þ3.68

−0.00

B−
c → pΔþþ 0.00017þ13.54

−0.00 B−
c → ΣþΔþþ 0.00265þ0.78

−0.00

B−
c → nΔþ 0.00006þ4.51

−0.00 B−
c → Σ0Δþ 0.00176þ0.52

−0.00

B−
c → Σ0Σ�þ 0.00003þ1.91

−0.00 B−
c → Σ−Δ0 0.00088þ0.26

−0.00

B−
c → Σ−Σ�0 0.00003þ1.91

−0.00 B−
c → Ξ0Σ�þ 0.00078þ0.23

−0.00

B−
c → Ξ−Ξ�0 0.00004þ3.33

−0.00 B−
c → Ξ−Σ�0 0.00039þ0.11

−0.00

B−
c → ΛΣ�þ 0.00008þ5.93

−0.00 B−
c → ΛΔþ 0

B−
c → Δ0p̄ 0.00006þ4.51

−0.00 B−
c → Σ�0p̄ 0.00045þ0.13

−0.00
B−
c → Δ−n̄ 0.00017þ13.53

−0.00 B−
c → Σ�−n̄ 0.00090þ0.27

−0.00

B−
c → Σ�0Σþ 0.00003þ1.91

−0.00 B−
c → Ξ�0Σþ 0.00076þ0.22

−0.00

B−
c → Σ�−Σ0 0.00003þ1.91

−0.00 B−
c → Ξ�−Σ0 0.00038þ0.11

−0.00

B−
c → Ξ�−Ξ0 0.00004þ3.33

−0.00 B−
c → Ω−Ξ0 0.00198þ0.58

−0.00
B−
c → Σ�−Λ̄ 0.00008þ5.91

−0.06 B−
c → Ξ�−Λ̄ 0.00118þ0.35

−0.00

B−
c → ΔþΔþþ 0.00044þ33.83

−0.00 B−
c → Σ�þΔþþ 0.00711þ2.09

−0.00

B−
c → Δ0Δþ 0.00059þ45.11

−0.00 B−
c → Σ�0Δþ 0.00474þ1.39

−0.00

B−
c → Δ−Δ0 0.00044þ33.83

−0.00 B−
c → Σ�−Δ0 0.00237þ0.70

−0.00

B−
c → Σ�0Σ�þ 0.00029þ21.54

−0.00 B−
c → Ξ�0Σ�þ 0.00903þ2.65

−0.00

B−
c → Σ�−Σ�0 0.00029þ21.52

−0.00 B−
c → Ξ�−Σ�0 0.00451þ1.32

−0.00

B−
c → Ξ�−Ξ�0 0.00014þ10.21

−0.00 B−
c → Ω−Ξ�0 0.00642þ1.88

−0.00
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TABLE X. Direct CP asymmetries (A in %) for B̄q → BB̄ modes for ϕ ¼ 0, �π=4 and �π=2.

Mode ϕ ¼ 0 ϕ ¼ �π=4 ϕ ¼ �π=2 Mode ϕ ¼ 0 ϕ ¼ �π=4 ϕ ¼ �π=2

B− → np̄ 0� 76.0 ∓ð66.9þ33.1
−71.5Þ ∓ð97.0þ3.0

−74.7Þ B̄0
s → pΣþ 0� 53.0 ∓ð37.0þ52.4

−39.7Þ ∓ð53.1þ45.5
−26.6 Þ

B− → Σ0Σþ 0� 66.1 ∓ð57.1þ42.6
−59.0Þ ∓ð82.5þ17.5

−42.2Þ B̄0
s → nΣ0 0� 28.9 �ð30.9þ27.8

−24.9Þ �ð43.3þ25.6
−20.3 Þ

B− → Σ−Σ0 0� 100 �ð0.1þ99.9
−100.1Þ �ð0.1þ99.9

−100.1Þ B̄0
s → nΛ̄ 0� 49.6 ∓ð67.3þ30.6

−44.1Þ ∓ð97.6þ2.5
−28.2Þ

B− → Σ−Λ̄ 0� 89.0 �ð0.1þ88.9
−89.0 Þ �ð0.1þ88.9

−89.0Þ B̄0
s → Σ0Ξ0 0� 28.1 ∓ð43.5þ26.4

−24.8Þ ∓ð62.6þ23.6
−22.1 Þ

B− → Ξ−Ξ0 0� 89.0 �ð0.1þ88.9
−89.0 Þ �ð0.1þ88.9

−89.0Þ B̄0
s → Σ−Ξ− 0� 50.4 0� 50.4 0� 50.4

B− → ΛΣþ 0� 100 �ð0.1þ99.9
−100.1Þ �ð0.1þ99.9

−100.1Þ B̄0
s → ΛΞ0 0� 100 0� 100 0� 100

B̄0 → pp̄ 0� 100 ∓ð36.1þ63.9
−117.9Þ ∓ð51.7þ48.3

−102.8Þ B̄0 → ΣþΣþ 0� 29.6 0� 29.6 0� 29.6

B̄0 → nn̄ 0� 53.5 ∓ð57.1þ38.5
−48.9Þ ∓ð82.5þ17.5

−40.2Þ B̄0 → Σ0Σ0 0� 72.1 ∓ð57.1þ42.9
−65.6Þ ∓ð82.5þ17.5

−49.0 Þ
B̄0 → Ξ0Ξ0 0� 97.8 0� 97.8 0� 97.8 B̄0 → Σ−Σ− 0� 81.9 0� 81.9 0� 81.9

B̄0 → Ξ−Ξ− 0� 78.3 0� 78.3 0� 78.2 B̄0 → Σ0Λ̄ 0� 27.4 ∓ð36.1þ27.8
−23.2Þ ∓ð51.7þ27.0

−20.2 Þ
B̄0 → ΛΛ̄ 0� 100 0� 100 0� 100 B̄0 → ΛΣ0 0� 100 0.0� 100.0 0.0� 100.0

B− → Σ0p̄ 0� 36.1 ∓ð23.7þ38.9
−32.3Þ ∓ð37.8þ41.5

−28.0Þ B̄0 → Σþp̄ 0� 31.8 �ð23.8þ31.8
−25.0Þ �ð30.2þ28.8

−19.8 Þ
B− → Σ−n̄ 0� 5.4 0.0� 5.4 0.0� 5.4 B̄0 → Σ0n̄ 0� 55.9 �ð43.8þ42.4

−45.7Þ �ð51.3þ35.1
−31.8 Þ

B− → Ξ0Σþ 0� 7.0 �ð4.9þ8.4
−5.3 Þ �ð6.8þ9.1

−5.9 Þ B̄0 → Ξ0Σ0 0� 3.7 �ð4.9þ5.0
−2.9 Þ �ð6.8þ5.8

−3.6Þ
B− → Ξ−Σ0 0� 5.4 0.0� 5.4 0.0� 5.4 B̄0 → Ξ0Λ̄ 0� 47.6 �ð23.8þ53.6

−26.2Þ �ð30.2þ49.0
−16.7 Þ

B− → Ξ−Λ̄ 0� 24.7 �ð0.0þ24.6
−24.7 Þ �ð0.0þ24.6

−24.7Þ B̄0 → Ξ−Σ− 0� 2.3 0� 2.3 0� 2.3
B− → Λp̄ 0� 11.3 �ð8.2þ13.7

−8.3 Þ �ð11.1þ14.3
−8.0 Þ B̄0 → Λn̄ 0� 13.9 �ð16.2þ16.4

−10.1Þ �ð21.2þ16.3
−9.0 Þ

B̄0
s → pp̄ 0� 80.6 0� 80.6 0� 80.6 B̄0

s → ΣþΣþ 0� 60.0 �ð23.1þ56.8
−48.4Þ �ð29.4þ51.3

−33.6 Þ
B̄0
s → nn̄ 0� 19.2 0� 19.2 0� 19.2 B̄0

s → Σ0Σ0 0� 33.4 �ð11.8þ36.7
−25.2Þ �ð15.8þ35.8

−20.0 Þ
B̄0
s → Ξ0Ξ0 0� 15.7 �ð11.8þ20.2

−10.0 Þ �ð15.8þ21.0
−8.8 Þ B̄0

s → Σ−Σ− 0� 4.2 0� 4.2 0� 4.2

B̄0
s → Ξ−Ξ− 0� 4.7 0� 4.7 0� 4.7 B̄0

s → Σ0Λ̄ 0� 96.6 �ð78.7þ21.3
−98.7Þ �ð80.9þ19.1

−41.1 Þ
B̄0
s → ΛΛ̄ 0� 13.8 �ð11.8þ17.0

−9.5 Þ �ð15.8þ17.6
−8.7 Þ B̄0

s → ΛΣ0 0� 74.1 �ð78.7þ21.3
−58.1Þ �ð80.9þ19.1

−31.0 Þ

TABLE XI. Same as Table X, but for B̄q → BD̄ modes.

Mode ϕ ¼ 0 ϕ ¼ �π=4 ϕ ¼ �π=2 Mode ϕ ¼ 0 ϕ ¼ �π=4 ϕ ¼ �π=2

B− → pΔþþ 0� 77.7 ∓ð49.5þ50.5
−66.2Þ ∓ð71.3þ28.7

−40.3Þ B̄0
s → pΣ�þ 0� 72.3 ∓ð51.5þ48.5

−62.0 Þ ∓ð74.2þ25.8
−39.8 Þ

B− → nΔþ 0� 53.8 �ð45.8þ42.1
−47.5 Þ �ð63.7þ32.3

−32.9Þ B̄0
s → nΣ�0 0� 51.2 �ð48.3þ38.5

−46.2Þ �ð67.0þ28.5
−32.9 Þ

B− → Σ0Σ�þ 0� 24.6 ∓ð29.9þ25.7
−21.2Þ ∓ð42.8þ25.9

−19.1Þ B̄0
s → Σ0Ξ�0 0� 24.2 ∓ð31.4þ24.8

−21.4 Þ ∓ð44.9þ24.7
−19.7 Þ

B− → Σ−Σ�0 0� 88.5 �ð0.188.5−88.6Þ �ð0.1þ88.5
−88.6Þ B̄0

s → Σ−Ξ�− 0� 65.6 0� 65.6 0� 65.6

B− → Ξ−Ξ�0 0� 88.5 �ð0.1þ88.5
−88.6Þ �ð0.1þ88.5

−88.6Þ B̄0
s → Ξ−Ω− 0� 65.6 0� 65.6 0� 65.6

B− → ΛΣ�þ 0� 100 0.0� 100.0 �ð0.1þ99.9
−100.1Þ B̄0

s → ΛΞ�0 0� 100 0� 100 0� 100

B̄0 → pΔþ 0� 77.6 ∓ð49.5þ50.5
−66.2Þ ∓ð71.3þ28.7

−40.3Þ B̄0 → ΣþΣ�þ 0 0 0

B̄0 → nΔ0 0� 53.8 �ð45.8þ42.1
−47.5 Þ �ð63.7þ32.3

−32.9Þ B̄0 → Σ0Σ�0 0� 24.6 ∓ð29.9þ25.7
−21.2 Þ ∓ð42.7þ25.9

−19.1 Þ
B̄0 → Ξ0Ξ�0 0 0 0 B̄0 → Σ−Σ�− 0� 64.0 0� 64.0 0� 64.0

B̄0 → Ξ−Ξ�− 0� 64.0 0� 64.0 0� 64.0 B̄0 → ΛΣ�0 0� 100 0.0� 100.0 0.0� 100.0

B− → ΣþΔþþ 0� 26.8 �ð15.5þ29.4
−20.0 Þ �ð20.4þ28.3

−16.1Þ B̄0 → ΣþΔþ 0� 24.7 �ð15.5þ27.3
−18.2Þ �ð20.4þ26.4

−14.8 Þ
B− → Σ0Δþ 0� 15.1 �ð7.8þ17.6

−11.2Þ �ð10.7þ18.1
−10.4Þ B̄0 → Σ0Δ0 0� 12.7 �ð7.8þ15.3

−9.3 Þ �ð10.7þ15.9
−8.8 Þ

B− → Σ−Δ0 0� 5.3 0.0� 5.3 0.0� 5.3 B̄0 → Σ−Δ− 0� 3.1 0� 3.1 0� 3.1

B− → Ξ0Σ�þ 0� 20.4 ∓ð15.5þ24.2
−16.2Þ ∓ð23.7þ27.1

−12.5Þ B̄0 → Ξ0Σ�0 0� 18.5 ∓ð15.5þ22.0
−14.5 Þ ∓ð23.7þ24.7

−11.2 Þ
B− → Ξ−Σ�0 0� 5.3 0.0� 5.3 0.0� 5.3 B̄0 → Ξ−Σ�− 0� 3.1 0� 3.1 0� 3.1

B− → ΛΔþ 0� 58.7 �ð78.7þ20.3
−42.9 Þ �ð80.9þ17.0

−25.1Þ B̄0 → ΛΔ0 0� 58.7 �ð78.7þ20.3
−42.9Þ �ð80.9þ17.0

−25.1 Þ
B̄0
s → pΔþ 0 0 0 B̄0

s → ΣþΣ�þ 0� 25.7 �ð14.6þ28.5
−19.0Þ �ð19.3þ27.6

−15.4 Þ
B̄0
s → nΔ0 0 0 0 B̄0

s → Σ0Σ�0 0� 13.3 �ð7.4þ15.9
−9.7 Þ �ð10.1þ16.6

−9.3 Þ
B̄0
s → Ξ0Ξ�0 0� 19.7 ∓ð14.6þ23.4

−15.5Þ ∓ð22.2þ26.2
−11.8Þ B̄0

s → Σ−Σ�− 0� 3.2 0� 3.2 0� 3.2

B̄0
s → Ξ−Ξ�− 0� 3.2 0� 3.2 0� 3.2 B̄0

s → ΛΣ�0 0� 66.6 �ð78.7þ21.2
−50.1Þ �ð80.9þ18.4

−28.1 Þ
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TABLE XIII. Same as Table X, but for B̄q → DD̄ modes.

Mode ϕ ¼ 0 ϕ ¼ �π=4 ϕ ¼ �π=2 Mode ϕ ¼ 0 ϕ ¼ �π=4 ϕ ¼ �π=2

B− → ΔþΔþþ 0� 27.4 ∓ð36.1þ27.9
−23.2 Þ ∓ð51.7þ27.0

−20.2 Þ B̄0
s → ΔþΣ�þ 0� 23.9 ∓ð37.0þ23.8

−21.1 Þ ∓ð53.1þ23.0
−19.2 Þ

B− → Δ0Δþ 0� 48.3 ∓ð57.1þ36.3
−41.8 Þ ∓ð82.5þ17.5

−30.3 Þ B̄0
s → Δ0Σ�0 0� 37.0 ∓ð58.1þ29.0

−32.8 Þ ∓ð84.0þ15.7
−26.0 Þ

B− → Δ−Δ0 0� 89.0 �ð0.1þ88.9
−89.0 Þ �ð0.1þ88.9

−89.0 Þ B̄0
s → Δ−Σ�− 0� 50.2 0� 50.2 0� 50.2

B− → Σ�0Σ�þ 0� 48.3 ∓ð57.1þ36.3
−41.8 Þ ∓ð82.5þ17.5

−30.3 Þ B̄0
s → Σ�0Ξ�0 0� 37.0 ∓ð58.1þ29.0

−32.8 Þ ∓ð84.0þ15.7
−26.0 Þ

B− → Σ�−Σ�0 0� 89.0 �ð0.1þ88.9
−89.0 Þ �ð0.1þ88.9

−89.0 Þ B̄0
s → Σ�−Ξ�− 0� 50.2 0� 50.2 0� 50.2

B− → Ξ�−Ξ�0 0� 89.0 �ð0.1þ88.9
−89.0 Þ �ð0.1þ88.9

−89.0 Þ B̄0
s → Ξ�−Ω− 0� 50.2 0� 50.2 0� 50.2

B̄0 → ΔþþΔþþ 0� 39.6 0� 39.6 0� 39.6 B̄0 → Σ�þΣ�þ 0� 59.3 0� 59.3 0� 59.3

B̄0 → ΔþΔþ 0� 40.4 ∓ð36.1þ40.3
−33.6 Þ ∓ð51.8þ37.8

−27.6 Þ B̄0 → Σ�0Σ�0 0� 60.5 ∓ð57.1þ41.3
−54.2 Þ ∓ð82.5þ17.5

−41.0 Þ
B̄0 → Δ0Δ0 0� 48.0 ∓ð57.1þ36.1

−42.6 Þ ∓ð82.5þ17.5
−33.3 Þ B̄0 → Σ�−Σ�− 0� 63.8 0� 63.8 0� 63.8

B̄0 → Δ−Δ− 0� 58.8 0� 58.8 0� 58.8 B̄0 → Ξ�0Ξ�0 0� 97.7 0� 97.7 0� 97.7

B̄0 → Ω−Ω− 0� 63.8 0� 63.8 0� 63.8 B̄0 → Ξ�−Ξ�− 0� 78.1 0� 78.1 0� 78.2

B− → Σ�þΔþþ 0� 20.0 �ð23.8þ21.2
−15.2 Þ �ð30.2þ19.6

−12.8 Þ B̄0 → Σ�þΔþ 0� 17.1 �ð23.8þ18.4
−12.9Þ �ð30.2þ17.1

−11.0 Þ
B− → Σ�0Δþ 0� 11.8 �ð12.2þ13.6

−9.1 Þ �ð16.3þ13.7
−8.5 Þ B̄0 → Σ�0Δ0 0� 8.7 �ð12.2þ10.4

−6.8 Þ �ð16.3þ10.8
−6.6 Þ

B− → Σ�−Δ0 0� 5.4 0.0� 5.4 0.0� 5.4 B̄0 → Σ�−Δ− 0� 2.3 0� 2.3 0� 2.3

B− → Ξ�0Σ�þ 0� 11.8 �ð12.2þ13.6
−9.1 Þ �ð16.3þ13.7

−8.5 Þ B̄0 → Ξ�0Σ�0 0� 8.7 �ð12.2þ10.4
−6.8 Þ �ð16.3þ10.8

−6.6 Þ
B− → Ξ�−Σ�0 0� 5.4 0.0� 5.4 0.0� 5.4 B̄0 → Ξ�−Σ�− 0� 2.3 0� 2.3 0� 2.3

B− → Ω−Ξ�0 0� 5.4 0.0� 5.4 0.0� 5.4 B̄0 → Ω−Ξ�− 0� 2.3 0� 2.3 0� 2.3

B̄0
s → ΔþþΔþþ 0� 48.0 0� 48.0 0� 48.0 B̄0

s → Σ�þΣ�þ 0� 31.6 �ð23.1þ34.5
−21.4Þ �ð29.4þ31.9

−16.3 Þ
B̄0
s → ΔþΔþ 0� 34.1 �ð0þ34.0

−34.1 Þ 0� 34.1 B̄0
s → Σ�0Σ�0 0� 16.7 �ð11.8þ20.6

−11.2Þ �ð15.8þ21.2
−9.8 Þ

B̄0
s → Δ0Δ0 0� 19.2 �ð0þ19.1

−19.2 Þ 0� 19.2 B̄0
s → Σ�−Σ�− 0� 4.2 0� 4.2 0� 4.2

B̄0
s → Δ−Δ− 0� 3.7 0� 3.7 0� 3.7 B̄0

s → Ξ�0Ξ�0 0� 12.3 �ð11.8þ15.0
−8.8 Þ �ð15.8þ15.5

−8.2 Þ
B̄0
s → Ω−Ω− 0� 2.9 0� 2.9 0� 2.9 B̄0

s → Ξ�−Ξ�− 0� 3.2 0� 3.2 0� 3.2

TABLE XII. Same as Table X, but for B̄q → DB̄ modes.

Mode ϕ ¼ 0 ϕ ¼ �π=4 ϕ ¼ �π=2 Mode ϕ ¼ 0 ϕ ¼ �π=4 ϕ ¼ �π=2

B− → Δ0p̄ 0� 30.3 �ð29.9þ30.3
−24.9 Þ �ð41.8þ28.3

−19.6 Þ B̄0
s → ΔþΣþ 0� 23.9 ∓ð37.0þ23.8

−21.1 Þ ∓ð53.1þ23.0
−19.2 Þ

B− → Δ−n̄ 0� 89.0 �ð0.1þ88.9
−89.0 Þ �ð0.1þ88.9

−89.0 Þ B̄0
s → Δ0Σ0 0� 37.0 ∓ð58.1þ29.0

−32.8 Þ ∓ð84.0þ15.7
−26.0 Þ

B− → Σ�0Σþ 0� 30.3 �ð29.9þ30.3
−24.9 Þ �ð41.8þ28.3

−19.6 Þ B̄0
s → Δ−Σ− 0� 50.2 0� 50.2 0� 50.2

B− → Σ�−Σ0 0� 89.0 �ð0.1þ88.9
−89.0 Þ �ð0.1þ88.9

−89.0 Þ B̄0
s → Σ�0Ξ0 0� 14.0 ∓ð21.7þ15.1

−12.2 Þ ∓ð30.9þ15.7
−11.4 Þ

B− → Ξ�−Ξ0 0� 89.0 �ð0.1þ88.9
−89.0 Þ �ð0.1þ88.9

−89.0 Þ B̄0
s → Σ�−Ξ− 0� 50.2 0� 50.2 0� 50.2

B− → Σ�−Λ̄ 0� 89.0 �ð0.1þ88.9
−89.0 Þ �ð0.1þ88.9

−89.0 Þ B̄0
s → Δ0Λ̄ 0� 2.2 ∓ð4.2þ2.5

−1.9Þ ∓ð6.0þ2.6
−1.8Þ

B̄0 → Δþp̄ 0� 27.4 ∓ð36.1þ27.8
−23.2 Þ ∓ð51.7þ27.0

−20.2 Þ B̄0 → Σ�þΣþ 0 0 0

B̄0 → Δ0n̄ 0� 14.7 ∓ð21.1þ16.2
−12.6 Þ ∓ð30.1þ16.9

−11.5 Þ B̄0 → Σ�0Σ0 0� 30.3 �ð29.9þ30.3
−24.9Þ �ð41.8þ28.2

−19.6 Þ
B̄0 → Ξ�0Ξ0 0 0 0 B̄0 → Σ�−Σ− 0� 48.8 0� 48.8 0� 48.8

B̄0 → Ξ�−Ξ− 0� 48.8 0� 48.8 0� 48.8 B̄0 → Σ�0Λ̄ 0� 27.4 ∓ð36.1þ27.8
−23.2 Þ ∓ð51.7þ27.0

−20.2 Þ
B− → Σ�0p̄ 0� 23.2 ∓ð23.7þ26.1

−19.9 Þ ∓ð37.8þ29.0
−17.2 Þ B̄0 → Σ�þp̄ 0� 17.1 �ð23.8þ18.4

−12.9Þ �ð30.2þ17.1
−11.0 Þ

B− → Σ�−n̄ 0� 5.4 0.0� 5.4 0.0� 5.4 B̄0 → Σ�0n̄ 0� 31.3 �ð43.8þ27.0
−22.7Þ �ð51.3þ22.3

−16.9 Þ
B− → Ξ�0Σþ 0� 23.2 ∓ð23.7þ26.1

−19.9 Þ ∓ð37.8þ29.0
−17.3 Þ B̄0 → Ξ�0Σ0 0� 20.6 ∓ð23.7þ23.3

−17.5 Þ ∓ð37.8þ26.1
−15.2 Þ

B− → Ξ�−Σ0 0� 5.4 0.0� 5.4 0.0� 5.4 B̄0 → Ξ�−Σ− 0� 2.3 0� 2.3 0� 2.3

B− → Ω−Ξ0 0� 5.4 0.0� 5.4 0.0� 5.4 B̄0 → Ω−Ξ− 0� 2.3 0� 2.3 0� 2.3

B− → Ξ�−Λ̄ 0� 5.4 0.0� 5.4 0.0� 5.4 B̄0 → Ξ�0Λ̄ 0� 17.1 �ð23.8þ18.4
−12.9Þ �ð30.2þ17.1

−11.0 Þ
B̄0
s → Δþp̄ 0 0 0 B̄0

s → Σ�þΣþ 0� 19.7 �ð23.1þ21.0
−14.9Þ �ð29.4þ19.5

−12.5 Þ
B̄0
s → Δ0n̄ 0 0 0 B̄0

s → Σ�0Σ0 0� 10.1 �ð11.8þ11.9
−7.8 Þ �ð15.8þ12.2

−7.4 Þ
B̄0
s → Ξ�0Ξ0 0� 33.5 �ð42.7þ29.1

−24.5 Þ �ð50.1þ24.1
−18.2 Þ B̄0

s → Σ�−Σ− 0� 2.3 0� 2.3 0� 2.3

B̄0
s → Ξ�−Ξ− 0� 2.3 0� 2.3 0� 2.3 B̄0

s → Σ�0Λ̄ 0� 54.4 �ð78.7þ20.0
−36.1Þ �ð80.9þ16.6

−20.9 Þ
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IV. DISCUSSIONS AND CONCLUSION

In Table XVII we compare our results on some of the
B̄u;d;s → BB̄0 decay rates to data and other theoretical
predictions. It is encouraging that using B̄0 → pp̄ and
B− → Λp̄ rates as inputs, our results satisfy all existing
experimental bounds. This by itself is a nontrivial test. From
the table we see that in the B− decay modes, our results
agree with those in Refs. [10,27], except the B− → pΔþþ
rate, where the prediction of Ref. [10] is much larger than
ours and exceeds the experimental bound [4] by one order of
magnitude, while the agreement with Ref. [27] on B̄0 → pp̄
rate rests on the fact that we all use the measured rate as an
input. For the B̄0 decays, again the agreement with Ref. [27]
on B− → Λp̄ rate is simply reflecting that we are using the
same data as input. The predictions on B− → ΛΛ̄ rate from
Ref. [27] and ours are of the same order. On the other hand,
our results on the B̄0 decays differ from those in Ref. [10],
except for the B̄0 → ΣþΔþ decay. For the B̄0

s decays, our
prediction on B̄0

s → pp̄ rate is below the present exper-

imental bound [6]. Our predictions on B̄0
s → Ξ0Ξ0 and

B̄0
s → Ξ−Ξ− rates are below those from Ref. [27] by roughly

one order of magnitude.
Note that the experimental limits on B− → Σ�0p̄, ΛΔþ,

Δ0p̄, pΔþþ, B̄0 → Σ�þp̄, and B̄0 → ΛΔ0 were reported in

2007 [3,4], while those on B̄0 → Δ0Δ0 and ΔþþΔþþ were
reported in 1989 [8]. It will be interesting to see the updated
results on these modes. In particular, as one can see from
Table XVII, the experimental upper limit on B− → pΔþþ
rate reported in Ref. [4] is only a factor of two larger than
our predicted rate. It will be interesting to see the updated
search on this mode.
From Eq. (A7), we see that the amplitude of B̄0

s → pp̄
decay is given by, AðB̄0

s → pp̄Þ ¼ −5E0
1BB̄

þ E0
2BB̄

−
3PA0

BB̄
. The enhancement in B̄0

s → pp̄ decay rate can be
achieved through the enhancement of E0

1BB̄
, E0

2BB̄
, or PA0

BB̄
.

For illustration, we assume BðB̄0
s → pp̄Þ ¼ 0.44 × 10−8

saturating the present experimental bound [6] through the
enhancement in these topological amplitudes. Note that
E1BB̄, E2BB̄, or PABB̄ will also be enlarged as they are
related to E0

1BB̄
, E0

2BB̄
, and PA0

BB̄
, respectively, through

CKM factors. To fit the B̄0
s → pp̄ rate, we enhance the

nonfactorization contributions by adjusting the values of

ηð0ÞE;1, η
ð0Þ
E;2, and ηð0ÞPA separately, see Eq. (39). In enhancing

E0
1BB̄

, E0
2BB̄

, or PA0
BB̄
, we need jηð0ÞE;1j ¼ 7.6, jηð0ÞE;2j ¼ 37.9,

or jηð0ÞPAj ¼ 3.2, respectively. It seems that enhancing PA0 is
the most effective choice.
Given that decay rates of other modes may be affected by

the enhancement, we show in Table XVIII branching ratios
of B̄q → BB̄ decays with Eð0Þ

1BB̄
, Eð0Þ

2BB̄
or PAð0Þ

BB̄
enlarged.

The uncertainties in rates are from the strong phases of
these topological amplitudes. Note that in ΔS ¼ 0

TABLE XIV. Direct CP asymmetries (A in %) of ΔS ¼ −1
pure penguin modes. These are robust predictions of the SM.

Mode Að%Þ Mode Að%Þ
B̄0 → Ξ−Σ− 0� 2.3 B̄0

s → Σ−Σ− 0� 4.2
B̄0
s → Ξ−Ξ− 0� 4.7

B̄0 → Σ−Δ− 0� 3.1 B̄0 → Ξ−Σ�− 0� 3.1
B̄0
s → Σ−Σ�− 0� 3.2 B̄0

s → Ξ−Ξ�− 0� 3.2

B̄0 → Ξ�−Σ− 0� 2.3 B̄0 → Ω−Ξ− 0� 2.3
B̄0
s → Σ�−Σ− 0� 2.3 B̄0

s → Ξ�−Ξ− 0� 2.3

B̄0 → Σ�−Δ− 0� 2.3 B̄0
s → Σ�−Σ�− 0� 4.2

B̄0 → Ξ�−Σ�− 0� 2.3 B̄0
s → Δ−Δ− 0� 3.7

B̄0 → Ω−Ξ�− 0� 2.3 B̄0
s → Ω−Ω− 0� 2.9

TABLE XV. Vanishing direct CP violations of pure exchange
modes are null tests of the SM.

Mode A Mode A

B̄0 → ΣþΣ�þ 0 B̄0 → Ξ0Ξ�0 0

B̄0
s → pΔþ 0 B̄0

s → nΔ0 0

B̄0 → Σ�þΣþ 0 B̄0 → Ξ�0Ξ0 0

B̄0
s → Δþp̄ 0 B̄0

s → Δ0n̄ 0

TABLE XVI. B−
c → BB̄0 direct CP violations. These vanishing

AðB−
c → BB̄0Þ are null tests of the standard model.

Mode (ΔS ¼ 0) A Mode (ΔS ¼ −1) A

B−
c → np̄ 0 B−

c → Σ0p̄ 0

B−
c → Σ0Σþ 0 B−

c → Σ−n̄ 0

B−
c → Σ−Σ0 0 B−

c → Ξ0Σþ 0

B−
c → Σ−Λ̄ 0 B−

c → Ξ−Σ0 0

B−
c → Ξ−Ξ0 0 B−

c → Ξ−Λ̄ 0

B−
c → ΛΣþ 0 B−

c → Λp̄ 0

B−
c → pΔþþ 0 B−

c → ΣþΔþþ 0

B−
c → nΔþ 0 B−

c → Σ0Δþ 0

B−
c → Σ0Σ�þ 0 B−

c → Σ−Δ0 0

B−
c → Σ−Σ�0 0 B−

c → Ξ0Σ�þ 0

B−
c → Ξ−Ξ�0 0 B−

c → Ξ−Σ�0 0

B−
c → ΛΣ�þ 0

B−
c → Δ0p̄ 0 B−

c → Σ�0p̄ 0
B−
c → Δ−n̄ 0 B−

c → Σ�−n̄ 0
B−
c → Σ�0Σþ 0 B−

c → Ξ�0Σþ 0

B−
c → Σ�−Σ0 0 B−

c → Ξ�−Σ0 0

B−
c → Ξ�−Ξ0 0 B−

c → Ω−Ξ0 0

B−
c → Σ�−Λ̄ 0 B−

c → Ξ�−Λ̄ 0

B−
c → ΔþΔþþ 0 B−

c → Σ�þΔþþ 0

B−
c → Δ0Δþ 0 B−

c → Σ�0Δþ 0

B−
c → Δ−Δ0 0 B−

c → Σ�−Δ0 0

B−
c → Σ�0Σ�þ 0 B−

c → Ξ�0Σ�þ 0

B−
c → Σ�−Σ�0 0 B−

c → Ξ�−Σ�0 0

B−
c → Ξ�−Ξ�0 0 B−

c → Ω−Ξ�0 0
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transition, the B− → BB̄0 and B̄0
s → BB̄0 decays are unaf-

fected, while in ΔS ¼ −1 transition, the B− → BB̄0 and
B̄0 → BB̄0 decays are unaffected as well. In particular, the
B− → Λp̄ decay is not affected as it does not have
exchange and penguin-annihilation diagrams. Our finding

are as following. (i) By enlarging Eð0Þ
1BB̄

or Eð0Þ
2BB̄

, we see that

the B̄0
s → pp̄ rate is enlarged, but B̄0 → pp̄ rate is also

enlarged and is in tension with data. (ii) By enlarging

PAð0Þ
BB̄
, B̄0

s → pp̄ rate is enlarged, while the B̄0 → pp̄ rate

agree with data, and B̄0
s → Ξ0Ξ0, Ξ−Ξ−, and B̄0

s → ΛΛ̄
rates are slightly enlarged. It seems that enlarging PA0 is a
possible way to enhance B̄s → pp̄ rate without having
significant impacts on other modes.
For ΔS ¼ −1 pure penguin modes, the direct CP

violation of these modes are predicted to be at most at
few percent, see Eqs. (57), (59) and Table XIV. It is possible
that rare decay modes are sensitive to other effects such as
final state interaction (FSI) [54,55]. Nevertheless, even in
the presence of final state interaction the topological
amplitude formalism is still applicable [37,55]. Indeed, it
is possible to have final states with charmed flavor to
rescatter into charmless final states [54]. These FSI can
enhance the charming penguin contribution, jAcj, [56],
giving jAuj=jAcj < 1, and, consequently, further reduces
the sizes of A of these pure penguin modes, as one can see
by using Eq. (57). Hence jAj at most at the level of few %,
as shown in Table XIV, is a robust prediction of the SM.

In this work, we study the rates and direct CP violations
of B̄u;d;s → BB̄0 and B−

c → BB̄0 decays. We incorporate
topological amplitude formalism and the factorization
approach. Asymptotic relations at large mb are used to
simplify decay amplitudes. Using the most up-to-date data
on B̄0 → pp̄ and B− → Λp̄ decay rates as inputs, rates and
direct CP violations of B̄u;d;s → BB̄0 decays are revised
and predicted. It is interesting that our results satisfy all
existing experimental bounds and some predicted rates are
close to the bounds. In particular, the experimental limit on
B− → pΔþþ rate reported in Ref. [4] is only a factor of two
larger than our predicted rate. It will be interesting to see the
updated search on this decay mode. Factorization diagrams
contribute to penguin-exchange, exchange, annihilation
and penguin-annihilation amplitudes. Although the result-
ing penguin-exchange amplitudes are sizable, the factori-
zation contributions to exchange, annihilation, and
penguin-annihilation amplitudes suffer from chiral sup-
pression. Therefore the nonfactorizable contributions on
these topological amplitudes are important and cannot be
ignored. The factorizable contributions to B̄s → pp̄ rate is
predicted to be several orders of magnitudes below the
present bound, but it can be enhanced by including non-
factorizable contributions, as it is governed by exchange
and penguin-annihilation diagrams. The case where the rate
can be enhanced through the enhancement on exchange or
penguin annihilation amplitudes is discussed. We find that

by enlarging Eð0Þ
1BB̄

or Eð0Þ
2BB̄

, we see that the B̄0 → pp̄ rate is

TABLE XVII. Comparisons of data and theoretical results on the branching ratios (in the unit of 10−8) of some
B̄u;d;s → BB̄0 decays.

Mode Expt This work Ref. [27] Ref. [10]

B− → Λp̄ 24þ10
−9 [1,9] 24.00þ10.00

−9.00
þ2.69
−0

þ19.37
−13.65

þ0.31
−0.30 24� 9 22

B− → Σ�0p̄ <47 [3] 1.01þ0.44
−0.39

þ0
−0.31

þ0.76
−0.55 � 0.02

B− → ΛΔþ <82 [3] 0.10þ0.01
−0.01

þ0.13
−0

þ0.04
−0.03 � 0

B− → Δ0p̄ <138 [4] 1.68þ0.19
−0.19

þ0.05
−0

þ0.82
−0.62

þ0.23
−0.22

B− → pΔþþ <14 [4] 5.88þ0.61
−0.61

þ0
−0.30

þ9.26
−4.88

þ0.71
−0.67 140

B− → ΣþΔþþ 15.68þ3.92
−3.81

þ3.39
−0

þ14.09
−9.39 � 0.09 20

B− → Σ−Δ0 4.91þ1.29
−1.25

þ0
−0.00

þ4.18
−2.90 � 0.04 8.7

B̄0 → pp̄ 1.27� 0.13� 0.05 × 0.03 [6] 1.27þ0.14
−0.14

þ0
−0.05

þ1.85
−1.02

þ1.32
−0.84 1.2� 0.3 11

B̄0 → Σ�þp̄ <26 [3] 2.15þ0.84
−0.76

þ0.73
−0

þ1.39
−1.03 � 0

B̄0 → pΔþ;Δþp̄ <160 [7] 3.48þ0.37
−0.37

þ0
−0.15

þ3.74
−2.20

þ0.44
−0.41

B̄0 → pΔþ 1.82þ0.19
−0.19

þ0
−0.09

þ2.86
−1.51

þ0.22
−0.21 43

B̄0 → ΛΔ0 <93 [3] 0.09þ0.01
−0.01

þ0.12
−0

þ0.04
−0.03 � 0

B̄0 → ΛΛ̄ <32 [2] 0.00� 0� 0 þ0.24
−0

þ0.03
−0.00 0.4 0

B̄0 → Δ0Δ0 <1.5 × 105 [8] 5.48þ0.76
−0.72

þ0
−0.32

þ3.59
−2.69

þ1.11
−1.00

B̄0 → ΔþþΔþþ <1.1 × 104 [8] 0.00� 0� 0� 0 þ0.25
−0.00

B̄0 → ΣþΔþ 4.85þ1.21
−1.18

þ1.05
−0

þ4.35
−2.90 � 0 6.3

B̄0
s → pp̄ <0.44 [6] 0.00� 0� 0 þ0.07

−0.00 <0.01

B̄0
s → Ξ0Ξ0 26.38þ10.47

−9.50
þ4.27
−0

þ28.15
−17.95

þ2.08
−2.00 193� 27

B̄0
s → Ξ−Ξ− 25.23þ10.27

−9.35
þ0
−0.04

þ26.94
−17.26 � 0.00 194� 27
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also enlarged and is in tension with data. On the other hand,

by enlarging PAð0Þ
BB̄
, we see that the B̄0 → pp̄ rate agree

with data, while B̄0
s → Ξ0Ξ0, Ξ−Ξ−, and B̄0

s → ΛΛ̄ rates are
slightly enlarged. The measurement of B̄0

s → pp̄ rate can
clarify the role of these topological amplitudes and provide
valuable information on nonfactorization contributions.
The B−

c → BB̄0 decays are annihilation modes. Their rates
from factorization calculation are found to be very rare but
can be enlarged to 10−9 or even 10−8 via nonfactorizable
contributions. Small direct CP violations of pure penguin
modes in ΔS ¼ −1 B̄u;d;s → BB̄0 decays (see Table XIV)
are robust predictions of the SM, while vanishing direct CP
violations of exchange modes in B̄u;d;s → BB̄0 decays (see
Table XV) and in all B−

c → BB̄0 decay modes (see
Table XVI) are null tests of the SM. They can be used
to test the SM in rare Bu;d;s;c decays in the baryonic sector.
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APPENDIX A: TOPOLOGICAL AMPLITUDES
OF TWO-BODY CHARMLESS

BARYONIC B DECAYS

We collect all B̄u;d;s;c → BB̄, BD̄, DB̄, and DD̄ decay
amplitudes using Eqs. (6), (7), (8), (9), (12), (13), (14), and
(15), in this appendix.

1. B̄ to octet-antioctet baryonic decays

The full B̄u;d;s;c → BB̄ decay amplitudes for ΔS ¼ 0
processes are given by

TABLE XVIII. Branching ratios (in unit of 10−8) of B̄q → BB̄ decays with Eð0Þ
1BB̄

, Eð0Þ
2BB̄

, or PAð0Þ
BB̄

enlarged. For illustration we assume
BðB̄0

s → pp̄Þ ¼ 0.44 × 10−8 saturating the present experimental bound [6]. Note that values in parentheses are rates that are unaffected
by the enlargements and we only show the central values of these modes, see Table V for detail numbers.

Bð10−8Þ Bð10−8Þ

Mode Eð0Þ
1BB̄

Eð0Þ
2BB̄

PAð0Þ
BB̄

Mode Eð0Þ
1BB̄

Eð0Þ
2BB̄

PAð0Þ
BB̄

B− → np̄ (3.4) (3.4) (3.4) B̄0
s → pΣþ (1.3) (1.3) (1.3)

B− → Σ0Σþ (3.0) (3.0) (3.0) B̄0
s → nΣ0 (0.6) (0.6) (0.6)

B− → Σ−Σ0 (0.6) (0.6) (0.6) B̄0
s → nΛ̄ (2.9) (2.9) (2.9)

B− → Σ−Λ̄ (0.4) (0.4) (0.4) B̄0
s → Σ0Ξ0 (9.8) (9.8) (9.8)

B− → Ξ−Ξ0 (0.1) (0.1) (0.1) B̄0
s → Σ−Ξ− (1.8) (1.8) (1.8)

B− → ΛΣþ (0.4) (0.4) (0.4) B̄0
s → ΛΞ0 (0.1) (0.1) (0.1)

B̄0 → pp̄ 3.2þ12.3
−0.0 15.5þ0.0

−12.3 1.2þ0.4
−0.2 B̄0 → ΣþΣþ 7.4� 0.0 7.4� 0.0 0.02þ0.01

−0.00
B̄0 → nn̄ (6.1) 1.7þ24.9

−0.0 6.4þ0.5
−1.1 B̄0 → Σ0Σ0 6.1þ0.0

−5.7 0.4þ5.7
−0.0 1.6þ0.2

−0.5

B̄0 → Ξ0Ξ0 (0.0) 7.0� 0.0 0.02þ0.01
−0.00 B̄0 → Σ−Σ− (1.0) (1.0) 1.3þ0.0

−0.5
B̄0 → Ξ−Ξ− (0.06) (0.06) 0.01þ0.14

−0.00 B̄0 → Σ0Λ̄ 1.3þ5.7
−0.0 1.3þ5.7

−0.0 (3.5)
B̄0 → ΛΛ̄ 0.2� 0.0 5.3� 0.0 0.02þ0.01

−0.00 B̄0 → ΛΣ0 0.8þ0.1
−0.0 0.8þ0.1

−0.0 (0.2)

B− → Σ0p̄ (0.8) (0.8) (0.8) B̄0 → Σþp̄ (1.7) (1.7) (1.7)
B− → Σ−n̄ (1.7) (1.7) (1.7) B̄0 → Σ0n̄ (1.0) (1.0) (1.0)

B− → Ξ0Σþ (40.3) (40.3) (40.3) B̄0 → Ξ0Σ0 (18.7) (18.7) (18.7)

B− → Ξ−Σ0 (19.8) (19.8) (19.8) B̄0 → Ξ0Λ̄ (2.5) (2.5) (2.5)

B− → Ξ−Λ̄ (2.4) (2.4) (2.4) B̄0 → Ξ−Σ− (36.7) (36.7) (36.7)
B− → Λp̄ (24.0) (24.0) (24.0) B̄0 → Λn̄ (23.0) (23.0) (23.0)
B̄0
s → pp̄ 0.44� 0.00 0.44� 0.00 0.44� 0.00 B̄0

s → ΣþΣþ 2.7þ0.0
−1.0 1.8þ1.0

−0.0 0.5þ3.3
−0.0

B̄0
s → nn̄ (0.0) 0.4� 0.0 0.4� 0.0 B̄0

s → Σ0Σ0 2.1þ0.0
−0.6 1.6þ0.6

−0.0 0.5þ3.3
−0.0

B̄0
s → Ξ0Ξ0 (26.4) 29.0þ0.0

−4.5 33.1þ0.0
−12.7 B̄0

s → Σ−Σ− (1.7) (1.7) 0.4þ3.3
−0.0

B̄0
s → Ξ−Ξ− (25.2) (25.2) 31.8þ2.1

−12.4 B̄0
s → Σ0Λ̄ 0.13þ0.00

−0.11 0.13þ0.00
−0.11 (0.04)

B̄0
s → ΛΛ̄ 15.8þ0.6

−0.0 17.9þ0.0
−3.1 21.6þ0.0

−10.3 B̄0
s → ΛΣ0 0.01þ0.11

−0.00 0.01þ0.11
−0.00 (0.04)
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AðB− → np̄Þ ¼ −T1BB̄ − 5P1BB̄ − 5PE1BB̄ þ 2

3
ðP1EWBB̄ − P3EWBB̄ þ P4EWBB̄Þ − 5A1BB̄;

AðB− → Σ0ΣþÞ ¼
ffiffiffi
2

p
T3BB̄ þ 1ffiffiffi

2
p ð5P1BB̄ − P2BB̄Þ þ

1ffiffiffi
2

p ð5PE1BB̄ − PE2BB̄Þ

þ 1

3
ffiffiffi
2

p ðP1EWBB̄ þ P2EWBB̄ þ 2P3EWBB̄ − 2P4EWBB̄Þ þ
1ffiffiffi
2

p ð5A1BB̄ − A2BB̄Þ;

AðB− → Σ−Σ0Þ ¼ −
1ffiffiffi
2

p ð5P1BB̄ − P2BB̄Þ −
1ffiffiffi
2

p ð5PE1BB̄ − PE2BB̄Þ −
1

3
ffiffiffi
2

p ðP1EWBB̄ þ P2EWBB̄ − 4P3EWBB̄ − 2P4EWBB̄Þ

−
1ffiffiffi
2

p ð5A1BB̄ − A2BB̄Þ;

AðB− → Σ−Λ̄Þ ¼ −
1ffiffiffi
6

p ð5P1BB̄ þ P2BB̄Þ −
1ffiffiffi
6

p ð5PE1BB̄ þ PE2BB̄Þ −
1

3
ffiffiffi
6

p ðP1EWBB̄ − P2EWBB̄ − 4P3EWBB̄ − 2P4EWBB̄Þ

−
1ffiffiffi
6

p ð5A1BB̄ þ A2BB̄Þ;

AðB− → Ξ−Ξ0Þ ¼ −P2BB̄ − PE2BB̄ þ 1

3
P2EWBB̄ − A2BB̄;

AðB− → ΛΣþÞ ¼ −
ffiffiffi
2

3

r
ðT1BB̄ − T3BB̄Þ −

1ffiffiffi
6

p ð5P1BB̄ þ P2BB̄Þ −
1ffiffiffi
6

p ð5PE1BB̄ þ PE2BB̄Þ

þ 1

3
ffiffiffi
6

p ð5P1EWBB̄ þ P2EWBB̄ − 4P3EWBB̄ þ 2P4EWBB̄Þ −
1ffiffiffi
6

p ð5A1BB̄ þ A2BB̄Þ; ðA1Þ

AðB̄0 → pp̄Þ ¼ −T2BB̄ þ 2T4BB̄ þ P2BB̄ þ PE2BB̄ þ 2

3
P2EWBB̄ − 5E1BB̄ þ E2BB̄ − 3PABB̄;

AðB̄0 → nn̄Þ ¼ −ðT1BB̄ þ T2BB̄Þ − ð5P1BB̄ − P2BB̄Þ − ð5PE1BB̄ − PE2BB̄Þ

þ 2

3
ðP1EWBB̄ þ P2EWBB̄ − P3EWBB̄ − 2P4EWBB̄Þ þ E2BB̄ − 3PABB̄;

AðB̄0 → ΣþΣþÞ ¼ −5E1BB̄ þ E2BB̄ − 3PABB̄;

AðB̄0 → Σ0Σ0Þ ¼ −T3BB̄ −
1

2
ð5P1BB̄ − P2BB̄Þ −

1

2
ð5PE1BB̄ − PE2BB̄Þ −

1

6
ðP1EWBB̄ þ P2EWBB̄ þ 2P3EWBB̄ − 2P4EWBB̄Þ

−
1

2
ð5E1BB̄ − E2BB̄Þ − 3PABB̄;

AðB̄0 → Σ0Λ̄Þ ¼ 1ffiffiffi
3

p ðT3BB̄ þ 2T4BB̄Þ þ
1

2
ffiffiffi
3

p ð5P1BB̄ þ P2BB̄Þ þ
1

2
ffiffiffi
3

p ð5PE1BB̄ þ PE2BB̄Þ

þ 1

6
ffiffiffi
3

p ðP1EWBB̄ − P2EWBB̄ þ 2P3EWBB̄ þ 10P4EWBB̄Þ −
1

2
ffiffiffi
3

p ð5E1BB̄ þ E2BB̄Þ;

AðB̄0 → Σ−Σ−Þ ¼ −ð5P1BB̄ − P2BB̄Þ − ð5PE1BB̄ − PE2BB̄Þ −
1

3
ðP1EWBB̄ þ P2EWBB̄ − 4P3EWBB̄ − 2P4EWBB̄Þ − 3PABB̄;

AðB̄0 → Ξ0Ξ0Þ ¼ E2BB̄ − 3PABB̄;

AðB̄0 → Ξ−Ξ−Þ ¼ P2BB̄ þ PE2BB̄ −
1

3
P2EWBB̄ − 3PABB̄;

AðB̄0 → ΛΣ0Þ ¼ 1ffiffiffi
3

p ðT1BB̄ − T3BB̄Þ þ
1

2
ffiffiffi
3

p ð5P1BB̄ þ P2BB̄Þ þ
1

2
ffiffiffi
3

p ð5PE1BB̄ þ PE2BB̄Þ

−
1

6
ffiffiffi
3

p ð5P1EWBB̄ þ P2EWBB̄ − 2P3EWBB̄ þ 2P4EWBB̄Þ −
1

2
ffiffiffi
3

p ð5E1BB̄ þ E2BB̄Þ;

AðB̄0 → ΛΛ̄Þ ¼ −
1

3
ðT1BB̄ þ 2T2BB̄ − T3BB̄ − 2T4BB̄Þ −

5

6
ðP1BB̄ − P2BB̄Þ −

5

6
ðPE1BB̄ − PE2BB̄Þ

þ 1

18
ð5P1EWBB̄ þ 7P2EWBB̄ − 2P3EWBB̄ − 10P4EWBB̄Þ −

5

6
ðE1BB̄ − E2BB̄Þ − 3PABB̄; ðA2Þ
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AðB̄0
s → pΣþÞ ¼ T2BB̄ − 2T4BB̄ − P2BB̄ − PE2BB̄ −

2

3
P2EWBB̄;

AðB̄0
s → nΣ0Þ ¼ −

1ffiffiffi
2

p T2BB̄ þ 1ffiffiffi
2

p P2BB̄ þ 1ffiffiffi
2

p PE2BB̄ þ
ffiffiffi
2

p

3
ðP2EWBB̄ − 3P4EWBB̄Þ;

AðB̄0
s → nΛ̄Þ ¼ 1ffiffiffi

6
p ð2T1BB̄ þ T2BB̄Þ þ

1ffiffiffi
6

p ð10P1BB̄ − P2BB̄Þ þ
1ffiffiffi
6

p ð10PE1BB̄ − PE2BB̄Þ

−
1

3

ffiffiffi
2

3

r
ð2P1EWBB̄ þ P2EWBB̄ − 2P3EWBB̄ − P4EWBB̄Þ;

AðB̄0
s → Σ0Ξ0Þ ¼

ffiffiffi
2

p
ðT3BB̄ þ T4BB̄Þ þ

5ffiffiffi
2

p P1BB̄ þ 5ffiffiffi
2

p PE1BB̄ þ 1

3
ffiffiffi
2

p ðP1EWBB̄ þ 2P3EWBB̄ þ 4P4EWBB̄Þ;

AðB̄0
s → Σ−Ξ−Þ ¼ −5P1BB̄ − 5PE1BB̄ þ 1

3
ð−P1EWBB̄ þ 4P3EWBB̄ þ 2P4EWBB̄Þ;

AðB̄0
s → ΛΞ0Þ ¼ −

ffiffiffi
2

3

r
ðT1BB̄ þ T2BB̄ − T3BB̄ − T4BB̄Þ −

1ffiffiffi
6

p ð5P1BB̄ − 2P2BB̄Þ −
1ffiffiffi
6

p ð5PE1BB̄ − 2PE2BB̄Þ

þ 1

3
ffiffiffi
6

p ð5P1EWBB̄ þ 4P2EWBB̄ − 2P3EWBB̄ − 4P4EWBB̄Þ; ðA3Þ

and

AðB−
c → np̄Þ ¼ −5Ac

1BB̄
; AðB−

c → Σ0ΣþÞ ¼ 1ffiffiffi
2

p ð5Ac
1BB̄

− Ac
2BB̄

Þ;

AðB−
c → Σ−Σ0Þ ¼ −

1ffiffiffi
2

p ð5Ac
1BB̄

− Ac
2BB̄

Þ; AðB−
c → Σ−Λ̄Þ ¼ −

1ffiffiffi
6

p ð5Ac
1BB̄

þ Ac
2BB̄

Þ;

AðB−
c → Ξ−Ξ0Þ ¼ −Ac

2BB̄
; AðB−

c → ΛΣþÞ ¼ −
1ffiffiffi
6

p ð5Ac
1BB̄

þ Ac
2BB̄

Þ; ðA4Þ

while those for ΔS ¼ 1 transitions are given by

AðB− → Σ0p̄Þ ¼ −
1ffiffiffi
2

p ðT 0
1BB̄

− 2T 0
3BB̄

Þ − 1ffiffiffi
2

p P0
2BB̄

−
1ffiffiffi
2

p PE0
2BB̄

þ 1

3
ffiffiffi
2

p ð3P0
1EWBB̄

þ P0
2EWBB̄

Þ − 1ffiffiffi
2

p A0
2BB̄

;

AðB− → Σ−n̄Þ ¼ −P0
2BB̄

− PE0
2BB̄

þ 1

3
P0
2EWBB̄

− A0
2BB̄

;

AðB− → Ξ0ΣþÞ ¼ −T 0
1BB̄

− 5P0
1BB̄

− 5PE0
1BB̄

þ 2

3
ðP0

1EWBB̄
− P0

3EWBB̄
þ P0

4EWBB̄
Þ − 5A0

1BB̄
;

AðB− → Ξ−Σ0Þ ¼ −
5ffiffiffi
2

p P0
1BB̄

−
5ffiffiffi
2

p PE0
1BB̄

−
1

3
ffiffiffi
2

p ðP0
1EWBB̄

− 4P0
3EWBB̄

− 2P0
4EWBB̄

Þ − 5ffiffiffi
2

p A0
1BB̄

;

AðB− → Ξ−Λ̄Þ ¼ −
1ffiffiffi
6

p ð5P0
1BB̄

− 2P0
2BB̄

Þ − 1ffiffiffi
6

p ð5PE0
1BB̄

− 2PE0
2BB̄

Þ − 1

3
ffiffiffi
6

p ðP0
1EWBB̄

þ 2P0
2EWBB̄

− 4P0
3EWBB̄

− 2P0
4EWBB̄

Þ − 1ffiffiffi
6

p ð5A0
1BB̄

− 2A0
2BB̄

Þ;

AðB− → Λp̄Þ ¼ 1ffiffiffi
6

p ðT 0
1BB̄

þ 2T 0
3BB̄

Þ þ 1ffiffiffi
6

p ð10P0
1BB̄

− P0
2BB̄

Þ þ 1ffiffiffi
6

p ð10PE0
1BB̄

− PE0
2BB̄

Þ

−
1

3
ffiffiffi
6

p ðP0
1EWBB̄

− P0
2EWBB̄

− 4P0
3EWBB̄

þ 4P0
4EWBB̄

Þ þ 1ffiffiffi
6

p ð10A0
1BB̄

− A0
2BB̄

Þ; ðA5Þ
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AðB̄0 → Σþp̄Þ ¼ T 0
2BB̄

− 2T 0
4BB̄

− P0
2BB̄

− PE0
2BB̄

−
2

3
P0
2EWBB̄

;

AðB̄0 → Σ0n̄Þ ¼ −
1ffiffiffi
2

p ðT 0
1BB̄

þ T 0
2BB̄

− 2T 0
3BB̄

− 2T 0
4BB̄

Þ þ 1ffiffiffi
2

p P0
2BB̄

þ 1ffiffiffi
2

p PE0
2BB̄

þ 1

3
ffiffiffi
2

p ð3P0
1EWBB̄

þ 2P0
2EWBB̄

Þ;

AðB̄0 → Ξ0Σ0Þ ¼ 1ffiffiffi
2

p T 0
1BB̄

þ 5ffiffiffi
2

p P0
1BB̄

þ 5ffiffiffi
2

p PE0
1BB̄

−
ffiffiffi
2

p

3
ðP0

1EWBB̄
− P0

3EWBB̄
þ P0

4EWBB̄
Þ;

AðB̄0 → Ξ0Λ̄Þ ¼ −
1ffiffiffi
6

p ðT 0
1BB̄

þ 2T 0
2BB̄

Þ − 1ffiffiffi
6

p ð5P0
1BB̄

− 2P0
2BB̄

Þ − 1ffiffiffi
6

p ð5PE0
1BB̄

− 2PE0
2BB̄

Þ

þ 1

3

ffiffiffi
2

3

r
ðP0

1EWBB̄
þ 2P0

2EWBB̄
− P0

3EWBB̄
− 5P0

4EWBB̄
Þ;

AðB̄0 → Ξ−Σ−Þ ¼ −5P0
1BB̄

− 5PE0
1BB̄

−
1

3
ðP0

1EWBB̄
− 4P0

3EWBB̄
− 2P0

4EWBB̄
Þ;

AðB̄0 → Λn̄Þ ¼ 1ffiffiffi
6

p
�
ðT 0

1BB̄
þ T 0

2BB̄
þ 2T 0

3BB̄
þ 2T 0

4BB̄
Þ þ ð10P0

1BB̄
− P0

2BB̄
Þ þ ð10PE0

1BB̄
− PE0

2BB̄
Þ

−
1

3
ðP0

1EWBB̄
þ 2P0

2EWBB̄
− 4P0

3EWBB̄
− 8P0

4EWBB̄
Þ
�
; ðA6Þ

AðB̄0
s → pp̄Þ ¼ −5E0

1BB̄
þ E0

2BB̄
− 3PA0

BB̄
;

AðB̄0
s → nn̄Þ ¼ E0

2BB̄
− 3PA0

BB̄
;

AðB̄0
s → ΣþΣþÞ ¼ −T 0

2BB̄
þ 2T 0

4BB̄
þ P0

2BB̄
þ PE0

2BB̄
þ 2

3
P0
2EWBB̄

− 5E0
1BB̄

þ E0
2BB̄

− 3PA0
BB̄
;

AðB̄0
s → Σ0Σ0Þ ¼ −

1

2
ðT 0

2BB̄
− 2T 0

4BB̄
Þ þ P0

2BB̄
þ PE0

2BB̄
þ 1

6
P0
2EWBB̄

−
1

2
ð5E0

1BB̄
− E0

2BB̄
Þ − 3PA0

BB̄
;

AðB̄0
s → Σ0Λ̄Þ ¼ 1

2
ffiffiffi
3

p ð2T 0
1BB̄

þ T 0
2BB̄

− 4T 0
3BB̄

− 2T 0
4BB̄

Þ − 1

2
ffiffiffi
3

p ð2P0
1EWBB̄

þ P0
2EWBB̄

Þ − 1

2
ffiffiffi
3

p ð5E0
1BB̄

þ E0
2BB̄

Þ;

AðB̄0
s → Σ−Σ−Þ ¼ P0

2BB̄
þ PE0

2BB̄
−
1

3
P0
2EWBB̄

− 3PA0
BB̄
;

AðB̄0
s → Ξ0Ξ0Þ ¼ −T 0

1BB̄
− T 0

2BB̄
− ð5P0

1BB̄
− P0

2BB̄
Þ − ð5PE0

1BB̄
− PE0

2BB̄
Þ

þ 2

3
ðP0

1EWBB̄
þ P0

2EWBB̄
− P0

3EWBB̄
− 2P0

4EWBB̄
Þ þ E0

2BB̄
− 3PA0

BB̄
;

AðB̄0
s → Ξ−Ξ−Þ ¼ −ð5P0

1BB̄
− P0

2BB̄
Þ − ð5PE0

1BB̄
− PE0

2BB̄
Þ − 1

3
ðP0

1EWBB̄
þ P0

2EWBB̄

− 4P0
3EWBB̄

− 2P0
4EWBB̄

Þ − 3PA0
BB̄
;

AðB̄0
s → ΛΣ0Þ ¼ 1

2
ffiffiffi
3

p ðT 0
2BB̄

þ 2T 0
4BB̄

Þ þ 1

2
ffiffiffi
3

p ð−P0
2EWBB̄

þ 4P0
4EWBB̄

Þ − 1

2
ffiffiffi
3

p ð5E0
1BB̄

þ E0
2BB̄

Þ;

AðB̄0
s → ΛΛ̄Þ ¼ −

1

6
ð2T 0

1BB̄
þ T 0

2BB̄
þ 4T 0

3BB̄
þ 2T 0

4BB̄
Þ − 1

3
ð10P0

1BB̄
− P0

2BB̄
Þ − 1

3
ð10PE0

1BB̄
− PE0

2BB̄
Þ

þ 1

18
ð2P0

1EWBB̄
þ P0

2EWBB̄
− 8P0

3EWBB̄
− 4P0

4EWBB̄
Þ − 5

6
ðE0

1BB̄
− E0

2BB̄
Þ − 3PA0

BB̄
; ðA7Þ

and
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AðB−
c → Σ0p̄Þ ¼ −

1ffiffiffi
2

p A0c
2BB̄

; AðB−
c → Σ−n̄Þ ¼ −A0c

2BB̄
;

AðB−
c → Ξ0ΣþÞ ¼ −5A0c

1BB̄
; AðB−

c → Ξ−Σ0Þ ¼ −
5ffiffiffi
2

p A0c
1BB̄

;

AðB−
c → Ξ−Λ̄Þ ¼ −

1ffiffiffi
6

p ð5A0c
1BB̄

− 2A0c
2BB̄

Þ; AðB−
c → Λp̄Þ ¼ 1ffiffiffi

6
p ð10A0c

1BB̄
− A0c

2BB̄
Þ: ðA8Þ

2. B̄ to octet-antidecuplet baryonic decays

The full B̄u;d;s;c → BD̄ decay amplitudes for ΔS ¼ 0 processes are given by

AðB− → pΔþþÞ ¼ −
ffiffiffi
6

p
ðT1BD̄ − 2T2BD̄Þ þ

ffiffiffi
6

p
PBD̄ þ

ffiffiffi
6

p
PEBD̄ þ 2

ffiffiffi
2

3

r
P1EWBD̄ þ

ffiffiffi
6

p
ABD̄;

AðB− → nΔþÞ ¼ −
ffiffiffi
2

p
T1BD̄ þ

ffiffiffi
2

p
PBD̄ þ

ffiffiffi
2

p
PEBD̄ þ 2

ffiffiffi
2

p

3
ðP1EWBD̄ − 3P2EWBD̄Þ þ

ffiffiffi
2

p
ABD̄;

AðB− → Σ0Σ�þÞ ¼ −2T2BD̄ − PBD̄ − PEBD̄ þ 1

3
ðP1EWBD̄ − 6P2EWBD̄Þ − ABD̄;

AðB− → Σ−Σ�0Þ ¼ −PBD̄ − PEBD̄ þ 1

3
P1EWBD̄ − ABD̄;

AðB− → Ξ−Ξ�0Þ ¼ −
ffiffiffi
2

p
PBD̄ −

ffiffiffi
2

p
PEBD̄ þ

ffiffiffi
2

p

3
P1EWBD̄ −

ffiffiffi
2

p
ABD̄;

AðB− → ΛΣ�þÞ ¼ 2ffiffiffi
3

p ðT1BD̄ − T2BD̄Þ −
ffiffiffi
3

p
PBD̄ −

ffiffiffi
3

p
PEBD̄ −

1ffiffiffi
3

p ðP1EWBD̄ − 2P2EWBD̄Þ −
ffiffiffi
3

p
ABD̄; ðA9Þ

AðB̄0 → pΔþÞ ¼ −
ffiffiffi
2

p
ðT1BD̄ − 2T2BD̄Þ þ

ffiffiffi
2

p
PBD̄ þ

ffiffiffi
2

p
PEBD̄ þ 2

ffiffiffi
2

p

3
P1EWBD̄ −

ffiffiffi
2

p
EBD̄;

AðB̄0 → nΔ0Þ ¼ −
ffiffiffi
2

p
T1BD̄ þ

ffiffiffi
2

p
PBD̄ þ

ffiffiffi
2

p
PEBD̄ þ 2

ffiffiffi
2

p

3
ðP1EWBD̄ − 3P2EWBD̄Þ −

ffiffiffi
2

p
EBD̄;

AðB̄0 → ΣþΣ�þÞ ¼
ffiffiffi
2

p
EBD̄;

AðB̄0 → Σ0Σ�0Þ ¼ −
ffiffiffi
2

p
T2BD̄ −

1ffiffiffi
2

p PBD̄ −
1ffiffiffi
2

p PEBD̄ þ 1

3
ffiffiffi
2

p ðP1EWBD̄ − 6P2EWBD̄Þ −
1ffiffiffi
2

p EBD̄;

AðB̄0 → Σ−Σ�−Þ ¼ −
ffiffiffi
2

p
PBD̄ −

ffiffiffi
2

p
PEBD̄ þ

ffiffiffi
2

p

3
P1EWBD̄;

AðB̄0 → Ξ0Ξ�0Þ ¼
ffiffiffi
2

p
EBD̄;

AðB̄0 → Ξ−Ξ�−Þ ¼ −
ffiffiffi
2

p
PBD̄ −

ffiffiffi
2

p
PEBD̄ þ

ffiffiffi
2

p

3
P1EWBD̄;

AðB̄0 → ΛΣ�0Þ ¼
ffiffiffi
2

3

r
ðT1BD̄ − T2BD̄Þ −

ffiffiffi
3

2

r
PBD̄ −

ffiffiffi
3

2

r
PEBD̄ −

1ffiffiffi
6

p ðP1EWBD̄ − 2P2EWBD̄Þ þ
ffiffiffi
3

2

r
EBD̄; ðA10Þ
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AðB̄0
s → pΣ�þÞ ¼ −

ffiffiffi
2

p
ðT1BD̄ − 2T2BD̄Þ þ

ffiffiffi
2

p
PBD̄ þ

ffiffiffi
2

p
PEBD̄ þ 2

ffiffiffi
2

p

3
P1EWBD̄;

AðB̄0
s → nΣ�0Þ ¼ −T1BD̄ þ PBD̄ þ PEBD̄ þ 2

3
ðP1EWBD̄ − 3P2EWBD̄Þ;

AðB̄0
s → Σ0Ξ�0Þ ¼ −2T2BD̄ − PBD̄ − PEBD̄ þ 1

3
ðP1EWBD̄ − 6P2EWBD̄Þ;

AðB̄0
s → Σ−Ξ�−Þ ¼ −

ffiffiffi
2

p
PBD̄ −

ffiffiffi
2

p
PEBD̄ þ

ffiffiffi
2

p

3
P1EWBD̄;

AðB̄0
s → Ξ−Ω−Þ ¼ −

ffiffiffi
6

p
PBD̄ −

ffiffiffi
6

p
PEBD̄ þ

ffiffiffi
2

3

r
P1EWBD̄;

AðB̄0
s → ΛΞ�0Þ ¼ 2ffiffiffi

3
p ðT1BD̄ − T2BD̄Þ −

ffiffiffi
3

p
PBD̄ −

ffiffiffi
3

p
PEBD̄ −

1ffiffiffi
3

p ðP1EWBD̄ − 2P2EWBD̄Þ; ðA11Þ

and

AðB−
c → pΔþþÞ ¼

ffiffiffi
6

p
Ac
BD̄

; AðB−
c → nΔþÞ ¼

ffiffiffi
2

p
Ac
BD̄

; AðB−
c → Σ0Σ�þÞ ¼ −Ac

BD̄
;

AðB−
c → Σ−Σ�0Þ ¼ −Ac

BD̄
; AðB−

c → Ξ−Ξ�0Þ ¼ −
ffiffiffi
2

p
Ac
BD̄

; AðB−
c → ΛΣ�þÞ ¼ −

ffiffiffi
3

p
Ac
BD̄

; ðA12Þ

while those for ΔS ¼ 1 transitions are given by

AðB− → ΣþΔþþÞ ¼
ffiffiffi
6

p
ðT 0

1BD̄ − 2T 0
2BD̄Þ −

ffiffiffi
6

p
P0
BD̄ −

ffiffiffi
6

p
PE0

BD̄ − 2

ffiffiffi
2

3

r
P0
1EWBD̄ −

ffiffiffi
6

p
A0
BD̄;

AðB− → Σ0ΔþÞ ¼ −T 0
1BD̄ þ 2T 0

2BD̄ þ 2P0
BD̄ þ 2PE0

BD̄ þ 1

3
P0
1EWBD̄ þ 2A0

BD̄;

AðB− → Σ−Δ0Þ ¼
ffiffiffi
2

p
P0
BD̄ þ

ffiffiffi
2

p
PE0

BD̄ −
ffiffiffi
2

p

3
P0
1EWBD̄ þ

ffiffiffi
2

p
A0
BD̄;

AðB− → Ξ0Σ�þÞ ¼
ffiffiffi
2

p
T 0
1BD̄ −

ffiffiffi
2

p
P0
BD̄ −

ffiffiffi
2

p
PE0

BD̄ −
2

ffiffiffi
2

p

3
ðP0

1EWBD̄ − 3P0
2EWBD̄Þ −

ffiffiffi
2

p
A0
BD̄;

AðB− → Ξ−Σ�0Þ ¼ P0
BD̄ þ PE0

BD̄ −
1

3
P0
1EWBD̄ þ A0

BD̄;

AðB− → ΛΔþÞ ¼ 1ffiffiffi
3

p ðT 0
1BD̄

þ 2T 0
2BD̄

Þ − 1ffiffiffi
3

p ðP0
1EWBD̄

− 4P0
2EWBD̄

Þ; ðA13Þ

AðB̄0 → ΣþΔþÞ ¼
ffiffiffi
2

p
ðT 0

1BD̄ − 2T 0
2BD̄Þ −

ffiffiffi
2

p
P0
BD̄ −

ffiffiffi
2

p
PE0

BD̄ −
2

ffiffiffi
2

p

3
P0
1EWBD̄;

AðB̄0 → Σ0Δ0Þ ¼ −T 0
1BD̄ þ 2T 0

2BD̄ þ 2P0
BD̄ þ 2PE0

BD̄ þ 1

3
P0
1EWBD̄;

AðB̄0 → Σ−Δ−Þ ¼
ffiffiffi
6

p
P0
BD̄ þ

ffiffiffi
6

p
PE0

BD̄ −
ffiffiffi
2

3

r
P0
1EWBD̄;

AðB̄0 → Ξ0Σ�0Þ ¼ T 0
1BD̄ − P0

BD̄ − PE0
BD̄ −

2

3
ðP0

1EWBD̄ − 3P0
2EWBD̄Þ;

AðB̄0 → Ξ−Σ�−Þ ¼
ffiffiffi
2

p
P0
BD̄ þ

ffiffiffi
2

p
PE0

BD̄ −
ffiffiffi
2

p

3
P0
1EWBD̄;

AðB̄0 → ΛΔ0Þ ¼ 1ffiffiffi
3

p ðT 0
1BD̄

þ 2T 0
2BD̄

Þ − 1ffiffiffi
3

p ðP0
1EWBD̄

− 4P0
2EWBD̄

Þ; ðA14Þ
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AðB̄0
s → pΔþÞ ¼ −

ffiffiffi
2

p
E0
BD̄

;

AðB̄0
s → nΔ0Þ ¼ −

ffiffiffi
2

p
E0
BD̄

;

AðB̄0
s → ΣþΣ�þÞ ¼

ffiffiffi
2

p
ðT 0

1BD̄ − 2T 0
2BD̄Þ −

ffiffiffi
2

p
P0
BD̄ −

ffiffiffi
2

p
PE0

BD̄ −
2

ffiffiffi
2

p

3
P0
1EWBD̄ þ

ffiffiffi
2

p
E0
BD̄;

AðB̄0
s → Σ0Σ�0Þ ¼ −

1ffiffiffi
2

p ðT 0
1BD̄ − 2T 0

2BD̄Þ þ
ffiffiffi
2

p
P0
BD̄ þ

ffiffiffi
2

p
PE0

BD̄ þ 1

3
ffiffiffi
2

p P0
1EWBD̄ −

1ffiffiffi
2

p E0
BD̄;

AðB̄0
s → Σ−Σ�−Þ ¼

ffiffiffi
2

p
P0
BD̄ þ

ffiffiffi
2

p
PE0

BD̄ −
ffiffiffi
2

p

3
P0
1EWBD̄;

AðB̄0
s → Ξ0Ξ�0Þ ¼

ffiffiffi
2

p
T 0
1BD̄ −

ffiffiffi
2

p
P0
BD̄ −

ffiffiffi
2

p
PE0

BD̄ −
2

ffiffiffi
2

p

3
ðP0

1EWBD̄ − 3P0
2EWBD̄Þ þ

ffiffiffi
2

p
E0
BD̄;

AðB̄0
s → Ξ−Ξ�−Þ ¼

ffiffiffi
2

p
P0
BD̄

þ
ffiffiffi
2

p
PE0

BD̄
−

ffiffiffi
2

p

3
P0
1EWBD̄

;

AðB̄0
s → ΛΣ�0Þ ¼ 1ffiffiffi

6
p ðT 0

1BD̄ þ 2T 0
2BD̄Þ −

1ffiffiffi
6

p ðP0
1EWBD̄ − 4P0

2EWBD̄Þ þ
ffiffiffi
3

2

r
E0
BD̄; ðA15Þ

and

AðB−
c → ΣþΔþþÞ ¼ −

ffiffiffi
6

p
A0c
BD̄

; AðB−
c → Σ0ΔþÞ ¼ 2A0c

BD̄
; AðB−

c → Σ−Δ0Þ ¼
ffiffiffi
2

p
A0c
BD̄

;

AðB−
c → Ξ0Σ�þÞ ¼ −

ffiffiffi
2

p
A0c
BD̄

; AðB−
c → Ξ−Σ�0Þ ¼ A0c

BD̄
; AðB−

c → ΛΔþÞ ¼ 0: ðA16Þ

3. B̄ to decuplet-antioctet baryonic decays

The full B̄u;d;s;c → DB̄ decay amplitudes for ΔS ¼ 0 processes are given by

AðB− → Δ0p̄Þ ¼
ffiffiffi
2

p
T1DB̄ −

ffiffiffi
2

p
PDB̄ −

ffiffiffi
2

p
PEDB̄ þ

ffiffiffi
2

p

3
ð3P1EWDB̄ þ P2EWDB̄Þ −

ffiffiffi
2

p
ADB̄;

AðB− → Δ−n̄Þ ¼ −
ffiffiffi
6

p
PDB̄ −

ffiffiffi
6

p
PEDB̄ þ

ffiffiffi
2

3

r
P2EWDB̄ −

ffiffiffi
6

p
ADB̄;

AðB− → Σ�0ΣþÞ ¼ −T1DB̄ þ PDB̄ þ PEDB̄ −
1

3
ð3P1EWDB̄ þ P2EWDB̄Þ þ ADB̄;

AðB− → Σ�−Σ0Þ ¼ −PDB̄ − PEDB̄ þ 1

3
P2EWDB̄ − ADB̄;

AðB− → Ξ�−Ξ0Þ ¼
ffiffiffi
2

p
PDB̄ þ

ffiffiffi
2

p
PEDB̄ −

ffiffiffi
2

p

3
P2EWDB̄ þ

ffiffiffi
2

p
ADB̄;

AðB− → Σ�−Λ̄Þ ¼
ffiffiffi
3

p
PDB̄ þ

ffiffiffi
3

p
PEDB̄ −

1ffiffiffi
3

p P2EWDB̄ þ
ffiffiffi
3

p
ADB̄; ðA17Þ
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AðB̄0 → Δþp̄Þ ¼
ffiffiffi
2

p
T2DB̄ þ

ffiffiffi
2

p
PDB̄ þ

ffiffiffi
2

p
PEDB̄ þ 2

ffiffiffi
2

p

3
P2EWDB̄ −

ffiffiffi
2

p
EDB̄;

AðB̄0 → Δ0n̄Þ ¼
ffiffiffi
2

p
ðT1DB̄ þ T2DB̄Þ þ

ffiffiffi
2

p
PDB̄ þ

ffiffiffi
2

p
PEDB̄ þ

ffiffiffi
2

p

3
ð3P1EWDB̄ þ 2P2EWDB̄Þ −

ffiffiffi
2

p
EDB̄;

AðB̄0 → Σ�þΣþÞ ¼
ffiffiffi
2

p
EDB̄;

AðB̄0 → Σ�0Σ0Þ ¼ 1ffiffiffi
2

p T1DB̄ −
1ffiffiffi
2

p PDB̄ −
1ffiffiffi
2

p PEDB̄ þ 1

3
ffiffiffi
2

p ð3P1EWDB̄ þ P2EWDB̄Þ −
1ffiffiffi
2

p EDB̄;

AðB̄0 → Σ�−Σ−Þ ¼ −
ffiffiffi
2

p
PDB̄ −

ffiffiffi
2

p
PEDB̄ þ

ffiffiffi
2

p

3
P2EWDB̄;

AðB̄0 → Ξ�0Ξ0Þ ¼
ffiffiffi
2

p
EDB̄;

AðB̄0 → Ξ�−Ξ−Þ ¼ −
ffiffiffi
2

p
PDB̄ −

ffiffiffi
2

p
PEDB̄ þ

ffiffiffi
2

p

3
P2EWDB̄;

AðB̄0 → Σ�0Λ̄Þ ¼ −
1ffiffiffi
6

p ðT1DB̄ þ 2T2DB̄Þ −
ffiffiffi
3

2

r
PDB̄ −

ffiffiffi
3

2

r
PEDB̄ −

1ffiffiffi
6

p ðP1EWDB̄ þ P2EWDB̄Þ þ
ffiffiffi
3

2

r
EDB̄; ðA18Þ

AðB̄0
s → ΔþΣþÞ ¼ −

ffiffiffi
2

p
T2DB̄ −

ffiffiffi
2

p
PDB̄ −

ffiffiffi
2

p
PEDB̄ −

2
ffiffiffi
2

p

3
P2EWDB̄;

AðB̄0
s → Δ0Σ0Þ ¼ T2DB̄ þ 2PDB̄ þ 2PEDB̄ þ 1

3
P2EWDB̄;

AðB̄0
s → Δ−Σ−Þ ¼

ffiffiffi
6

p
PDB̄ þ

ffiffiffi
6

p
PEDB̄ −

ffiffiffi
2

3

r
P2EWDB̄;

AðB̄0
s → Σ�0Ξ0Þ ¼ −ðT1DB̄ þ T2DB̄Þ − PDB̄ − PEDB̄ −

1

3
ð3P1EWDB̄ þ 2P2EWDB̄Þ;

AðB̄0
s → Σ�−Ξ−Þ ¼

ffiffiffi
2

p
PDB̄ þ

ffiffiffi
2

p
PEDB̄ −

ffiffiffi
2

p

3
P2EWDB̄;

AðB̄0
s → Δ0Λ̄Þ ¼ −

1ffiffiffi
3

p ð2T1DB̄ þ T2DB̄Þ −
1ffiffiffi
3

p ð2P1EWDB̄ þ P2EWDB̄Þ; ðA19Þ

and

AðB−
c → Δ0p̄Þ ¼ −

ffiffiffi
2

p
Ac
DB̄

; AðB−
c → Δ−n̄Þ ¼ −

ffiffiffi
6

p
Ac
DB̄

; AðB−
c → Σ�0ΣþÞ ¼ Ac

DB̄
;

AðB−
c → Σ�−Σ0Þ ¼ −Ac

DB̄
; AðB−

c → Ξ�−Ξ0Þ ¼
ffiffiffi
2

p
Ac
DB̄

; AðB−
c → Σ�−Λ̄Þ ¼

ffiffiffi
3

p
Ac
DB̄

; ðA20Þ

while those for ΔS ¼ 1 transitions are given by

AðB− → Σ�0p̄Þ ¼ T 0
1DB̄

− P0
DB̄

− PE0
DB̄

þ 1

3
ð3P0

1EWDB̄
þ P0

2EWDB̄
Þ − A0

DB̄
;

AðB− → Σ�−n̄Þ ¼ −
ffiffiffi
2

p
P0
DB̄

−
ffiffiffi
2

p
PE0

DB̄
þ

ffiffiffi
2

p

3
P0
2EWDB̄

−
ffiffiffi
2

p
A0
DB̄

;

AðB− → Ξ�0ΣþÞ ¼ −
ffiffiffi
2

p
T 0
1DB̄

þ
ffiffiffi
2

p
P0
DB̄

þ
ffiffiffi
2

p
PE0

DB̄
−

ffiffiffi
2

p

3
ð3P0

1EWDB̄
þ P0

2EWDB̄
Þ þ

ffiffiffi
2

p
A0
DB̄

;

AðB− → Ξ�−Σ0Þ ¼ −P0
DB̄

− PE0
DB̄

þ 1

3
P0
2EWDB̄

− A0
DB̄

;

AðB− → Ω−Ξ0Þ ¼
ffiffiffi
6

p
P0
DB̄

þ
ffiffiffi
6

p
PE0

DB̄
−

ffiffiffi
2

3

r
P0
2EWDB̄

þ
ffiffiffi
6

p
A0
DB̄

;

AðB− → Ξ�−Λ̄Þ ¼
ffiffiffi
3

p
P0
DB̄

þ
ffiffiffi
3

p
PE0

DB̄
−

1ffiffiffi
3

p P0
2EWDB̄

þ
ffiffiffi
3

p
A0
DB̄

; ðA21Þ
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AðB̄0 → Σ�þp̄Þ ¼
ffiffiffi
2

p
T 0
2DB̄

þ
ffiffiffi
2

p
P0
DB̄

þ
ffiffiffi
2

p
PE0

DB̄
þ 2

ffiffiffi
2

p

3
P0
2EWDB̄

;

AðB̄0 → Σ�0n̄Þ ¼ T 0
1DB̄

þ T 0
2DB̄

þ P0
DB̄

þ PE0
DB̄

þ 1

3
ð3P0

1EWDB̄
þ 2P0

2EWDB̄
Þ;

AðB̄0 → Ξ�0Σ0Þ ¼ T 0
1DB̄

− P0
DB̄

− PE0
DB̄

þ 1

3
ð3P0

1EWDB̄
þ P0

2EWDB̄
Þ;

AðB̄0 → Ξ�−Σ−Þ ¼ −
ffiffiffi
2

p
P0
DB̄

−
ffiffiffi
2

p
PE0

DB̄
þ

ffiffiffi
2

p

3
P0
2EWDB̄

;

AðB̄0 → Ω−Ξ−Þ ¼ −
ffiffiffi
6

p
P0
DB̄

−
ffiffiffi
6

p
PE0

DB̄
þ

ffiffiffi
2

3

r
P2EWDB̄;

AðB̄0 → Ξ�0Λ̄Þ ¼ −
1ffiffiffi
3

p ðT 0
1DB̄

þ 2T 0
2DB̄

Þ −
ffiffiffi
3

p
P0
DB̄

−
ffiffiffi
3

p
PE0

DB̄
−

1ffiffiffi
3

p ðP0
1EWDB̄

þ P0
2EWDB̄

Þ; ðA22Þ

AðB̄0
s → Δþp̄Þ ¼ −

ffiffiffi
2

p
E0
DB̄

;

AðB̄0
s → Δ0n̄Þ ¼ −

ffiffiffi
2

p
E0
DB̄

;

AðB̄0
s → Σ�þΣþÞ ¼ −

ffiffiffi
2

p
T 0
2DB̄

−
ffiffiffi
2

p
P0
DB̄

−
ffiffiffi
2

p
PE0

DB̄
−
2

ffiffiffi
2

p

3
P0
2EWDB̄

þ
ffiffiffi
2

p
E0
DB̄

;

AðB̄0
s → Σ�0Σ0Þ ¼ 1ffiffiffi

2
p T 0

2DB̄
þ

ffiffiffi
2

p
P0
DB̄

þ
ffiffiffi
2

p
PE0

DB̄
þ 1

3
ffiffiffi
2

p P0
2EWDB̄

−
1ffiffiffi
2

p E0
DB̄

;

AðB̄0
s → Σ�−Σ−Þ ¼

ffiffiffi
2

p
P0
DB̄

þ
ffiffiffi
2

p
PE0

DB̄
−

ffiffiffi
2

p

3
P0
2EWDB̄

;

AðB̄0
s → Ξ�0Ξ0Þ ¼ −

ffiffiffi
2

p
ðT 0

1DB̄
þ T 0

2DB̄
Þ −

ffiffiffi
2

p
P0
DB̄

−
ffiffiffi
2

p
PE0

DB̄
−

ffiffiffi
2

p

3
ð3P0

1EWDB̄
þ 2P0

2EWDB̄
Þ þ

ffiffiffi
2

p
E0
DB̄

;

AðB̄0
s → Ξ�−Ξ−Þ ¼

ffiffiffi
2

p
P0
DB̄

þ
ffiffiffi
2

p
PE0

DB̄
−

ffiffiffi
2

p

3
P0
2EWDB̄

;

AðB̄0
s → Σ�0Λ̄Þ ¼ −

1ffiffiffi
6

p ð2T 0
1DB̄

þ T 0
2DB̄

Þ − 1ffiffiffi
6

p ð2P0
1EWDB̄

þ P0
2EWDB̄

Þ þ
ffiffiffi
3

2

r
E0
DB̄

; ðA23Þ

and

AðB−
c → Σ�0p̄Þ ¼ −A0c

DB̄
; AðB−

c → Σ�−n̄Þ ¼ −
ffiffiffi
2

p
A0c
DB̄

; AðB−
c → Ξ�0ΣþÞ ¼ þ

ffiffiffi
2

p
A0c
DB̄

;

AðB−
c → Ξ�−Σ0Þ ¼ −A0c

DB̄
; AðB−

c → Ω−Ξ0Þ ¼
ffiffiffi
6

p
A0c
DB̄

; AðB−
c → Ξ�−Λ̄Þ ¼

ffiffiffi
3

p
A0c
DB̄

: ðA24Þ
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4. B̄ to decuplet-antidecuplet baryonic decays

The full B̄u;d;s;c → DD̄ decay amplitudes for ΔS ¼ 0 processes are given by

AðB− → ΔþΔþþÞ ¼ 2
ffiffiffi
3

p
TDD̄ þ 2

ffiffiffi
3

p
PDD̄ þ 2

ffiffiffi
3

p
PEDD̄ þ 4ffiffiffi

3
p PEWDD̄ þ 2

ffiffiffi
3

p
ADD̄;

AðB− → Δ0ΔþÞ ¼ 2TDD̄ þ 4PDD̄ þ 4PEDD̄ þ 2

3
PEWDD̄ þ 4ADD̄;

AðB− → Δ−Δ0Þ ¼ 2
ffiffiffi
3

p
PDD̄ þ 2

ffiffiffi
3

p
PEDD̄ −

2ffiffiffi
3

p PEWDD̄ þ 2
ffiffiffi
3

p
ADD̄;

AðB− → Σ�0Σ�þÞ ¼
ffiffiffi
2

p
TDD̄ þ 2

ffiffiffi
2

p
PDD̄ þ 2

ffiffiffi
2

p
PEDD̄ þ

ffiffiffi
2

p

3
PEWDD̄ þ 2

ffiffiffi
2

p
ADD̄;

AðB− → Σ�−Σ�0Þ ¼ 2
ffiffiffi
2

p
PDD̄ þ 2

ffiffiffi
2

p
PEDD̄ −

2
ffiffiffi
2

p

3
PEWDD̄ þ 2

ffiffiffi
2

p
ADD̄;

AðB− → Ξ�−Ξ�0Þ ¼ 2PDD̄ þ 2PEDD̄ −
2

3
PEWDD̄ þ 2ADD̄; ðA25Þ

AðB̄0 → ΔþþΔþþÞ ¼ 6EDD̄ þ 6PADD̄;

AðB̄0 → ΔþΔþÞ ¼ 2TDD̄ þ 2PDD̄ þ 2PEDD̄ þ 4

3
PEWDD̄ þ 4EDD̄ þ 6PADD̄;

AðB̄0 → Δ0Δ0Þ ¼ 2TDD̄ þ 4PDD̄ þ 4PEDD̄ þ 2

3
PEWDD̄ þ 2EDD̄ þ 6PADD̄;

AðB̄0 → Δ−Δ−Þ ¼ 6PDD̄ þ 6PEDD̄ − 2PEWDD̄ þ 6PADD̄;

AðB̄0 → Σ�þΣ�þÞ ¼ 4EDD̄ þ 6PADD̄;

AðB̄0 → Σ�0Σ�0Þ ¼ TDD̄ þ 2PDD̄ þ 2PEDD̄ þ 1

3
PEWDD̄ þ 2EDD̄ þ 6PADD̄;

AðB̄0 → Σ�−Σ�−Þ ¼ 4PDD̄ þ 4PEDD̄ −
4

3
PEWDD̄ þ 6PADD̄;

AðB̄0 → Ξ�0Ξ�0Þ ¼ 2EDD̄ þ 6PADD̄;

AðB̄0 → Ξ�−Ξ�−Þ ¼ 2PDD̄ þ 2PEDD̄ −
2

3
PEWDD̄ þ 6PADD̄;

AðB̄0 → Ω−Ω−Þ ¼ 6PADD̄; ðA26Þ

AðB̄0
s → ΔþΣ�þÞ ¼ 2TDD̄ þ 2PDD̄ þ 2PEDD̄ þ 4

3
PEWDD̄;

AðB̄0
s → Δ0Σ�0Þ ¼

ffiffiffi
2

p
TDD̄ þ 2

ffiffiffi
2

p
PDD̄ þ 2

ffiffiffi
2

p
PEDD̄ þ

ffiffiffi
2

p

3
PEWDD̄;

AðB̄0
s → Δ−Σ�−Þ ¼ 2

ffiffiffi
3

p
PDD̄ þ 2

ffiffiffi
3

p
PEDD̄ −

2ffiffiffi
3

p PEWDD̄;

AðB̄0
s → Σ�0Ξ�0Þ ¼

ffiffiffi
2

p
TDD̄ þ 2

ffiffiffi
2

p
PDD̄ þ 2

ffiffiffi
2

p
PEDD̄ þ

ffiffiffi
2

p

3
PEWDD̄;

AðB̄0
s → Σ�−Ξ�−Þ ¼ 4PDD̄ þ 4PEDD̄ −

4

3
PEWDD̄;

AðB̄0
s → Ξ�−Ω−Þ ¼ 2

ffiffiffi
3

p
PDD̄ þ 2

ffiffiffi
3

p
PEDD̄ −

2ffiffiffi
3

p PEWDD̄; ðA27Þ

and
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AðB−
c → ΔþΔþþÞ ¼ 2

ffiffiffi
3

p
Ac
DD̄

; AðB−
c → Δ0ΔþÞ ¼ 4Ac

DD̄
; AðB−

c → Δ−Δ0Þ ¼ 2
ffiffiffi
3

p
Ac
DD̄

;

AðB−
c → Σ�0Σ�þÞ ¼ 2

ffiffiffi
2

p
Ac
DD̄

; AðB−
c → Σ�−Σ�0Þ ¼ 2

ffiffiffi
2

p
Ac
DD̄

; AðB−
c → Ξ�−Ξ�0Þ ¼ 2Ac

DD̄
; ðA28Þ

while those for ΔS ¼ 1 transitions are given by

AðB− → Σ�þΔþþÞ ¼ 2
ffiffiffi
3

p
T 0
DD̄ þ 2

ffiffiffi
3

p
P0
DD̄ þ 2

ffiffiffi
3

p
PE0

DD̄ þ 4ffiffiffi
3

p P0
EWDD̄ þ 2

ffiffiffi
3

p
A0
DD̄;

AðB− → Σ�0ΔþÞ ¼
ffiffiffi
2

p
T 0
DD̄ þ 2

ffiffiffi
2

p
P0
DD̄ þ 2

ffiffiffi
2

p
PE0

DD̄ þ
ffiffiffi
2

p

3
P0
EWDD̄ þ 2

ffiffiffi
2

p
A0
DD̄;

AðB− → Σ�−Δ0Þ ¼ 2P0
DD̄ þ 2PE0

DD̄ −
2

3
P0
EWDD̄ þ 2A0

DD̄;

AðB− → Ξ�0Σ�þÞ ¼ 2T 0
DD̄

þ 4P0
DD̄

þ 4PE0
DD̄

þ 2

3
P0
EWDD̄

þ 4A0
DD̄

;

AðB− → Ξ�−Σ�0Þ ¼ 2
ffiffiffi
2

p
P0
DD̄

þ 2
ffiffiffi
2

p
PE0

DD̄
−
2

ffiffiffi
2

p

3
P0
EWDD̄

þ 2
ffiffiffi
2

p
A0
DD̄

;

AðB− → Ω−Ξ�0Þ ¼ 2
ffiffiffi
3

p
P0
DD̄ þ 2

ffiffiffi
3

p
PE0

DD̄ −
2ffiffiffi
3

p P0
EWDD̄ þ 2

ffiffiffi
3

p
A0
DD̄; ðA29Þ

AðB̄0 → Σ�þΔþÞ ¼ 2T 0
DD̄ þ 2P0

DD̄ þ 2PE0
DD̄ þ 4

3
P0
EWDD̄;

AðB̄0 → Σ�0Δ0Þ ¼
ffiffiffi
2

p
T 0
DD̄

þ 2
ffiffiffi
2

p
P0
DD̄

þ 2
ffiffiffi
2

p
PE0

DD̄
þ

ffiffiffi
2

p

3
P0
EWDD̄

;

AðB̄0 → Σ�−Δ−Þ ¼ 2
ffiffiffi
3

p
P0
DD̄

þ 2
ffiffiffi
3

p
PE0

DD̄
−

2ffiffiffi
3

p P0
EWDD̄

;

AðB̄0 → Ξ�0Σ�0Þ ¼
ffiffiffi
2

p
T 0
DD̄

þ 2
ffiffiffi
2

p
P0
DD̄

þ 2
ffiffiffi
2

p
PE0

DD̄
þ

ffiffiffi
2

p

3
P0
EWDD̄

;

AðB̄0 → Ξ�−Σ�−Þ ¼ 4P0
DD̄ þ 4PE0

DD̄ −
4

3
P0
EWDD̄;

AðB̄0 → Ω−Ξ�−Þ ¼ 2
ffiffiffi
3

p
P0
DD̄ þ 2

ffiffiffi
3

p
PE0

DD̄ −
2ffiffiffi
3

p P0
EWDD̄; ðA30Þ

AðB̄0
s → ΔþþΔþþÞ ¼ 6E0

DD̄ þ 6PA0
DD̄;

AðB̄0
s → ΔþΔþÞ ¼ 4E0

DD̄ þ 6PA0
DD̄;

AðB̄0
s → Δ0Δ0Þ ¼ 2E0

DD̄ þ 6PA0
DD̄;

AðB̄0
s → Δ−Δ−Þ ¼ 6PA0

DD̄
;

AðB̄0
s → Σ�þΣ�þÞ ¼ 2T 0

DD̄
þ 2P0

DD̄
þ 2PE0

DD̄
þ 4

3
P0
EWDD̄

þ 4E0
DD̄

þ 6PA0
DD̄

;

AðB̄0
s → Σ�0Σ�0Þ ¼ T 0

DD̄
þ 2P0

DD̄
þ 2PE0

DD̄
þ 1

3
P0
EWDD̄

þ 2E0
DD̄

þ 6PA0
DD̄

;

AðB̄0
s → Σ�−Σ�−Þ ¼ 2P0

DD̄ þ 2PE0
DD̄ −

2

3
P0
EWDD̄ þ 6PA0

DD̄;

AðB̄0
s → Ξ�0Ξ�0Þ ¼ 2T 0

DD̄ þ 4P0
DD̄ þ 4PE0

DD̄ þ 2

3
P0
EWDD̄ þ 2E0

DD̄ þ 6PA0
DD̄;

AðB̄0
s → Ξ�−Ξ�−Þ ¼ 4P0

DD̄ þ 4PE0
DD̄ −

4

3
P0
EWDD̄ þ 6PA0

DD̄;

AðB̄0
s → Ω−Ω−Þ ¼ 6PDD̄ þ 6PEDD̄ − 2PEWDD̄ þ 6PA0

DD̄; ðA31Þ
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and

AðB−
c → Σ�þΔþþÞ ¼ 2

ffiffiffi
3

p
A0c
DD̄

; AðB−
c → Σ�0ΔþÞ ¼ 2

ffiffiffi
2

p
A0c
DD̄

; AðB−
c → Σ�−Δ0Þ ¼ 2A0c

DD̄
;

AðB−
c → Ξ�0Σ�þÞ ¼ 4A0c

DD̄
; AðB−

c → Ξ�−Σ�0Þ ¼ 2
ffiffiffi
2

p
A0c
DD̄

; AðB−
c → Ω−Ξ�0Þ ¼ 2

ffiffiffi
3

p
A0c
DD̄

: ðA32Þ

APPENDIX B: FORMULAS FOR DECAY RATES AND ASYMPTOTIC RELATIONS FOR hBB̄0jðq̄q0ÞS;Pj0i
The decay B̄ → BB̄;BD̄;DB̄, and DD̄ decay have the following forms [12]

AðB̄ → B1B̄2Þ ¼ ū1ðABB̄ þ γ5BBB̄Þv2; AðB̄ → D1B̄2Þ ¼ i
qμ

mB
ūμ1ðADB̄ þ γ5BDB̄Þv2;

AðB̄ → B1D̄2Þ ¼ i
qμ

mB
ū1ðABD̄ þ γ5BBD̄Þvμ2; AðB̄ → D1D̄2Þ ¼ ūμ1ðADD̄ þ γ5BDD̄Þv2μ þ

qμqν

m2
B
ūμ1ðCDD̄ þ γ5DDD̄Þv2ν;

ðB1Þ

where q ¼ p1 − p2 is the difference of the momenta of the baryons and uμ, vμ are the Rarita-Schwinger vector spinors, [57]

uμ

�
� 3

2

�
¼ ϵμð�1Þu

�
� 1

2

�
uμ

�
� 1

2

�
¼

�
ϵμð�1Þu

�
∓ 1

2

�
þ

ffiffiffi
2

p
ϵμð0Þu

�
� 1

2

��
=

ffiffiffi
3

p
; ðB2Þ

with ϵμðλÞ the polarization vector. Using

q · ϵðλÞ1;2 ¼ ∓δλ;0mBpc=m1;2; ϵ�1ð0Þ · ϵ2ð0Þ ¼ ðm2
B −m2

1 −m2
2Þ=2m1m2; ðB3Þ

with pc the baryon momentum in the center of mass frame and the fact that ϵ�1ð0Þ · ϵ2ð0Þ is the largest product among the
scalar products of ϵ�1ðλ1Þ and ϵ2ðλ2Þ, the last three amplitudes in Eq. (B1) can be expressed or approximated as

AðB̄ → D1B̄2Þ ¼ −i
ffiffiffi
2

3

r
pcm

m1

ū1ðADB̄ þ γ5BDB̄Þv2; AðB̄ → B1D̄2Þ ¼ i

ffiffiffi
2

3

r
pcm

m2

ū1ðABD̄ þ γ5BBD̄Þv2;

AðB̄ → D1D̄2Þ ≃
m2

B

3m1m2

ū1ðA0
DD̄ þ γ5B0

DD̄Þv2; ðB4Þ

where

A0
DD̄ ¼ ADD̄ − 2ðpcm=mBÞ2CDD̄; B0

DD̄ ¼ BDD̄ − 2ðpcm=mBÞ2DDD̄: ðB5Þ

Hence decay modes with decuplets (or antidecuplets) are only in or dominantly in the � 1
2
-helicity states.

All B̄ → BB̄, DB̄, BD̄, and DD̄ decay amplitudes can be effectively expressed as

AðB̄ → B1B̄2Þ ¼ ū1ðAþ γ5BÞv2; ðB6Þ

and it is straightforward to obtain the decay rates giving

ΓðB̄ → B1B̄2Þ ¼
pcm

8πm2
B
½ð2m2

B − 2ðmB1
þmB1

Þ2ÞA2 þ ð2m2
B − 2ðmB1

−mB1
Þ2ÞB2�: ðB7Þ

We now change to the discussion of finding the asymptotic relations for form factors of scalar and pseudo-scalar density
matrix elements, hBB̄0jðq̄q0ÞS;Pj0i. We follow Ref. [39] to obtain the asymptotic relations. The wave function of a octet or
decuplet baryon with helicity λ ¼ −1=2 can be expressed as

jB;↓i ∼ 1ffiffiffi
3

p ðjB;↓↑↓i þ jB;↓↓↑i þ jB;↑↓↓iÞ; ðB8Þ
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which are composed of 13-, 12-, and 23-symmetric terms, respectively. For octet baryons, we have

jp;↓↑↓i ¼
�
dð1Þuð3Þ þ uð1Þdð3Þffiffiffi

6
p uð2Þ −

ffiffiffi
2

3

r
uð1Þdð2Þuð3Þ

�
j↓↑↓i;

jn;↓↑↓i ¼ ð−jp;↓↑↓i with u ↔ dÞ;
jΣþ;↓↑↓i ¼ ð−jp;↓↑↓i with d → sÞ;

jΣ0;↓↑↓i ¼
�
−
uð1Þdð3Þ þ dð1Þuð3Þffiffiffi

3
p sð2Þ þ uð2Þdð3Þ þ dð2Þuð3Þ

2
ffiffiffi
3

p sð1Þ þ uð1Þdð2Þ þ dð1Þuð2Þ
2

ffiffiffi
3

p sð3Þ
�
j↓↑↓i;

jΣ−;↓↑↓i ¼ ðjp;↓↑↓i with u; d → d; sÞ;

jΛ;↓↑↓i ¼
�
dð2Þuð3Þ − uð2Þdð3Þ

2
sð1Þ þ uð1Þdð2Þ − dð1Þuð2Þ

2
sð3Þ

�
j↓↑↓i;

jΞ0;↓↑↓i ¼ ðjp;↓↑↓i with u; d → s; uÞ;
jΞ−;↓↑↓i ¼ ð−jp;↓↑↓i with u → sÞ; ðB9Þ

and for decuplet baryons, we have

jΔþþ;↓↑↓i ¼ uð1Þuð2Þuð3Þj↓↑↓i; jΔ−;↓↑↓i ¼ dð1Þdð2Þdð3Þj↓↑↓i;

jΔþ;↓↑↓i ¼ 1ffiffiffi
3

p ½uð1Þuð2Þdð3Þ þ uð1Þdð2Þuð3Þ þ dð1Þuð2Þuð3Þ�j↓↑↓i;

jΔ0;↓↑↓i ¼ ðjΔþ;↓↑↓i with u ↔ dÞ; jΣ�þ;↓↑↓i ¼ ðjΔþ;↓↑↓i with d ↔ sÞ;

jΣ�0;↓↑↓i ¼ 1ffiffiffi
6

p ½uð1Þdð2Þsð3Þ þ permutation�j↓↑↓i;

jΩ−;↓↑↓i ¼ ðjΔþþ;↓↑↓i with u → sÞ; ðB10Þ

for the jB;↓↑↓i parts. while the 12- and 23-symmetric parts can be easily obtained by suitable permutation.
From Eq. (26), we see that the B̄q00 → BB̄0 factorization amplitudes are related to the scalar and pseudoscalar density

matrix elements hBB̄0jðq̄q0ÞS;Pj0i. For example, we have

hBB̄0jðq̄q0ÞV∓Aj0ih0jðq̄00bÞV−AjB̄q00 i ¼ −ifBq00 ½ðmq −mq̄0 ÞhBB̄0jðq̄q0ÞSj0i ∓ ðmq þmq̄0 ÞhBB̄0jðq̄q0ÞPj0i�: ðB11Þ

It is evident that each term in the above matrix element is proportional to light quark masses. By neglecting higher order
contributions from mq and mq0 , the quark mass dependence in hBB̄0jðq̄q0ÞS;Pj0i can be ignored.
Following Ref. [39], we have

hBðpÞjOjB0ðp0Þi¼ ūðpÞ
�
1þγ5
2

FþðtÞþ1−γ5
2

F−ðtÞ
�
uðp0Þ; F�ðtÞ¼eð�Þ

k ðO∶B0→BÞFkðtÞ; ðB12Þ

in the large t limit. For simplicity, we illustrate with the spacelike case. Coefficients of Fk for theO ¼ q̄Rq0L; q̄Lq
0
R cases are

given by

e−k ðq̄Rq0L∶B0 → BÞ ¼ 3ðhB;↑↑↓jO½q0ð1;↓Þ → qð1;↑Þ�jB0;↓↑↓i þ hB;↓↑↑jO½q0ð3;↓Þ → qð3;↑Þ�jB0;↓↑↓iÞ;
eþk ðq̄Rq0L∶B0 → BÞ ¼ 0; e�k ðq̄Lq0R∶B0 → BÞ ¼ e∓k ðq̄Rq0L∶B0 → BÞ; ðB13Þ

where the factor 3 in the first line are introduced without lost of generality. Note that applying O½q0ð1;↓Þ → qð1;↑Þ� to
jB0;↓↑↓i changes the parallel spin q0ð1Þj↓i part of jB0;↓↑↓i to a qð1Þj ↑i part and likewise for the operation of
O½q0ð3;↓Þ → qð1;↑Þ� on jB0;↓↑↓i. It is easy to see that flipping the antiparallel spin j↑i part of jB0;↓↑↓i to j↓iwill give a
helicity λ ¼ −3=2 state, where the transition amplitude is suppressed. Hence we only need to consider the parallel spin case.
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We can make use of Eq. (B13) to obtain e�k for hBðpÞjðq̄q0ÞS;PjB0ðp0Þi,

e�k ððq̄q0ÞS∶B0 → BÞ ¼ e�k ðq̄Lq0R∶B0 → BÞ þ e�k ðq̄Rq0L∶B0 → BÞ
¼ e−k ðq̄Rq0L∶B0 → BÞ;

e�k ððq̄q0ÞP∶B0 → BÞ ¼ e�k ðq̄Lq0R∶B0 → BÞ − e�k ðq̄Rq0L∶B0 → BÞ
¼ �e−k ðq̄Rq0L∶B0 → BÞ; ðB14Þ

i.e. we have

hBðpÞjðq̄q0ÞSjB0ðp0Þi ¼ e−k ðq̄Rq0L∶B0 → BÞFkðtÞūðpÞuðp0Þ;
hBðpÞjðq̄q0ÞPjB0ðp0Þi ¼ e−k ðq̄Rq0L∶B0 → BÞFkðtÞūðpÞγ5uðp0Þ: ðB15Þ

Therefore, the matrix elements are related with coefficients e−k ðq̄Rq0L∶B0 → BÞ.
The matrix elements hBðpÞjðq̄q0ÞS;PjB0ðp0Þi occur in topological amplitudes Að0Þ, Eð0Þ, PEð0Þ and PAð0Þ as shown in

Eqs. (23) and (24), with the help of equations of motion, Eq. (26). By using Eq. (B13), it is straightforward to obtain the
coefficients e−k for various matrix elements hBjq̄Rq0LjB0iwith results on coefficients e−k shown in Tables XIX, XX, and XXI.
Note that the Clebsch-Gordan coefficients in Eqs. (23) and (24) canceled out with coefficients e−k and the asymptotic
relations shown in Eqs. (30) and (31) are established.

TABLE XX. The coefficients e−k for various hBjq̄Rq0LjB0i in
PEð0Þ of B̄q0 → BB̄0 decays.

hBjq̄Rq0LjB0i e−k in PEð0Þ hBjq̄Rq0LjB0i e−k in PEð0Þ

hΔ−jd̄RuLjΔ0i 2
ffiffiffi
3

p hΣ�0jd̄RdLjΣ�0i 2

hΔ0jd̄RuLjΔþi 4 hΣ�0js̄RuLjΔþi 2
ffiffiffi
2

p

hpjd̄RuLjΔþþi ffiffiffi
6

p hnjd̄RuLjΔþi ffiffiffi
2

p
hpjd̄RdLjΔþi ffiffiffi

2
p hΛjd̄RdLjΣ�0i −

ffiffi
3
2

q
hpjd̄LsRjΣ�þi ffiffiffi

2
p hΣ0jd̄RsLjΞ�0i −1

hΔ0jd̄RuLjpi −
ffiffiffi
2

p hΔ−jd̄RuLjni −
ffiffiffi
6

p
hΔþjd̄RdLjpi

ffiffiffi
2

p hΣ�0jd̄RdLjΛi −
ffiffi
3
2

q
hΣ�0js̄RuLjpi −1 hΣ�0js̄RdLjni 1

hpjd̄RdLjpi 1 hnjd̄RuLjpi −5
hnjd̄RdLjni −4 hΣ0jd̄RdLjΛi

ffiffiffi
3

p
hΣ0jd̄RdLjΣ0i −2 hΛjd̄RdLjΣ0i ffiffiffi

3
p

hΛjd̄RdLjΛi 0 hnjd̄RsLjΛi 3
ffiffi
3
2

q
hΣ0js̄RuLjpi − 1ffiffi

2
p hΛjs̄RuLjpi 3

ffiffi
3
2

q

TABLE XIX. The coefficients e−k for various hBjq̄Rq0LjB0i in
Að0Þ of B̄u → BB̄0 decays and Eð0Þ of B̄dðsÞ → BB̄0 decays.

hBjq̄Rq0LjB0i e−k in Að0Þ hBjq̄Rq0LjB0i e−k in Eð0Þ

hΔ0jd̄RuLjΔþi 4 hΣ�þjūRuLjΣ�þi 4
hΣ�0jd̄RuLjΣ�þi 2

ffiffiffi
2

p hΣ�0jūRuLjΣ�0i 2
hΣ�0js̄RuLjΔþi 2

ffiffiffi
2

p hΞ�0jūRuLjΞ�0i 2

hpjd̄RuLjΔþþi ffiffiffi
6

p hΛjūRuLjΣ�0i ffiffi
3
2

q
hnjd̄RuLjΔþi ffiffiffi

2
p hpjūRuLjΔþi −

ffiffiffi
2

p
hΣ0js̄RuLjΔþi 2 hΣ0jūRuLjΣ�0i − 1ffiffi

2
p

hΔ0jd̄RuLjpi −
ffiffiffi
2

p hΔþjūRuLjpi −
ffiffiffi
2

p
hΔ−jd̄RuLjni −

ffiffiffi
6

p hΣ�0jūRuLjΛi
ffiffi
3
2

q
hΣ�0js̄RuLjpi −1 hΞ�0jūRuLjΞ0i ffiffiffi

2
p

hnjd̄RuLjpi −5 hpjūRuLjpi −4
hΛjs̄RuLjpi 3

ffiffi
3
2

q hΛjūRuLjΣ0i −
ffiffiffi
3

p

hΣ0js̄RuLjpi − 1ffiffi
2

p hΛjūRuLjΛi 0
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