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With the experimental evidences of B̄0 → pp̄ and B− → Λp̄ decays, it is now possible to extract both
tree and penguin amplitudes of the charmless two-body baryonic B decays for the first time. The extracted
penguin-tree ratio agrees with the expectation. Using the topological amplitude approach with the
experimental results on B̄0 → pp̄ and B− → Λp̄ decay rates as input, predictions on all other B̄q → BB̄,

BD̄,DB̄ andDD̄ decay rates, where B andD are the low lying octet and decuplet baryons, respectively, are
given. It is nontrivial that the results do not violate any existing experimental upper limit. From the analysis
it is understandable that why B̄0 → pp̄ and B− → Λp̄ modes are the first two modes with experimental
evidences. Relations on rates are verified using the numerical results. We note that the predicted

B− → pΔþþ rate is close to the experimental bound, which has not been updated in the last ten years.
Direct CP asymmetries of all B̄q → BB̄, BD, DB̄ and DD̄ modes are explored. Relations on CP

asymmetries are examined using the numerical results. The direct CP asymmetry of B̄0 → pp̄ decay can be
as large as �50%. Some of the CP asymmetries can serve as tests of the Standard Model. Most of them
are pure penguin modes, which are expected to be sensitive to new physics contributions. In particular,
B̄0
s → Ξ−Ξ−, B̄0 → Ξ−Σ�−, B̄0 → Ω−Ξ−, B̄0

s → Σ�−Σ�−, B̄0
s → Ω−Ω−, B̄0

s → Ξ−Ξ�−, B̄0
s → Ξ�−Ξ−,

B̄0 → Ξ�−Σ�−, B̄0 → Ω−Ξ�− and B̄0
s → Ξ�−Ξ�− decays are ΔS ¼ −1 pure penguin modes with unsup-

pressed rates, which can be searched in the near future. Their CP asymmetries are constrained to be of few
% and are good candidates to be added to the list of the tests of the Standard Model.

DOI: 10.1103/PhysRevD.95.096004

I. INTRODUCTION

Recently, the LHCb collaboration reported the evidence
for the first penguin dominated charmless two-body bar-
yonic mode, B− → Λp̄ decay, at 4.1σ level [1], giving

BðB− → Λp̄Þ ¼ ð2.4þ1.0
−0.8 � 0.3Þ × 10−7: ð1Þ

The result is consistent with the predictions given in a
pole model calculation [2] and a topological amplitude
approach [3]. The latter work made use of the large mB

mass, the experimental rate of the tree-dominated B̄0 → pp̄
decay [4],

BðB̄0 → pp̄Þ ¼ ð1.47þ0.62þ0.35
−0.51−0.14 Þ × 10−8; ð2Þ

and a naïve estimation on tree-penguin ratio. In fact, it was
advocated in [3] that the B− → Λp̄ decay mode could be
the second charmless two-body baryonic mode to be found
experimentally. With both the experimental evidences on
B̄0 → pp̄ and B− → Λp̄ decays, it is now possible to
extract both tree and penguin amplitudes at the same time.
Most of the decay amplitudes of the two-body baryonic

decays are nonfactorizable.1 Various models, such as the
pole model, [2,6–8], sum rule, [9], diquark model, [10,11]

and approaches employing flavor symmetry [12–15] were
used (for recent reviews, see [16,17]) to calculate the
amplitudes. Nevertheless all predictions on the B̄0 → pp̄
rate are off by several orders of magnitude comparing to the
LHCb result [4,16,17].
Indeed, the B0 → pp̄ decay mode is more suppressed

than expected. To see this one scales the B̄0 → Λþ
c p̄ rate by

the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
jVub=Vcbj2 and with a possible dynamical suppression
factor fdyn included [18],

BðB̄0 → pp̄Þ ¼ BðB̄0 → Λþ
c p̄ÞjVub=Vcbj2

× fdyn ∼ 2 × 10−7 × fdyn: ð3Þ

The data demands fdyn ∼ 0.1. It was pointed out in
Ref. [18] that for a given tree operator Oi, one needs to
consider additional contributions, which were missed in the
literature, from its Fiertz transformed operator O0

i. It was
found that there are cancellations of Feynman diagrams
induced by Oi by that from O0

i and, consequently, the
smallness of the tree-dominated charmless two-body bar-
yonic B decays results from this partial cancellation.
Furthermore, as pointed out in Ref. [18], the internal
W-emission tree amplitude should be proportional to the
Wilson coefficient combination c1 þ c2 rather than c1 − c2,

1For a study on the factorization contributions, see Ref. [5].
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where the latter is usually claimed in the literature. We shall
adapt this point in the present work.
We can make use of the newly measured B̄0 → pp̄ and

B− → Λp̄ rates to give information on other modes in a
symmetry related approach. The quark diagram or the so-
called topological approach, has been extensively used in
mesonic modes [19–24]. In fact, the approach is closely
related to the flavor SU(3) symmetry [19,22,25]. In [26] the
approach was extended to the charmless two-body baryonic
case. It was further developed in [3], where amplitudes for
all low lying charmless two-body baryonic modes with full
topological amplitudes are obtained. Note that in general a
typical amplitude has more than one tree and one penguin
amplitude. Asymptotic relations in the large mB limit [27]
can be used to relate various topological amplitudes [3,26].
In this work, using the experimental results on the B̄0 →

pp̄ and B− → Λp̄ decay rates, we will extract both tree and
penguin amplitudes for the first time. Rates and direct CP
asymmetries of all low lying charmless two body baryonic
decays can be explored. Rates and CP asymmetries of
some modes can be checked experimentally in the near
future in LHCb and Belle-II. Note that CP asymmetries of
some modes can be added to the list of the tests of the

Standard Model. In particular, ΔS ¼ −1 pure penguin
modes have small CP asymmetries and they are expected
to be sensitive to new physics contributions. These modes
are good candidates to be added to the lists of the tests of
the Standard Model, especially for those with unsup-
pressed rates.
The layout of this paper is as follows. In Sec. II, we

briefly review and update our formulation for charmless
two-body baryonic decays modes. In Sec. III, we present
the numerical results on rates and direct CP asymmetries of
all low lying baryon modes. Relations on rates and CP
asymmetries will also be studied. The conclusion is given
in Sec. IV, which is followed by two appendixes.

II. TWO-BODY CHARMLESS BARYONIC B
DECAY AMPLITUDES

There are more than 160 B̄ → BB̄, BD, DB̄, DD̄ decay
amplitudes with B and D the low lying octet and decuplet
baryons, respectively. Their decay amplitudes expressed
in terms of topological amplitudes can be found in [3] and
are collected in Appendix A, since they will be used
extensively in this work. We show a few examples here,

AðB− → Λp̄Þ ¼ 1ffiffiffi
6

p ðT 0
1BB̄

þ 2T 0
3BB̄

Þ þ 1ffiffiffi
6

p ð10P0
1BB̄

− P0
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;

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

3
P2EWBB̄ − 5E1BB̄ þ E2BB̄ − 9PABB̄;

AðB− → Ξ−Ξ̄0Þ ¼ −P2BB̄ þ 1

3
P2EWBB̄ − A2BB̄;

AðB̄0
s → pp̄Þ ¼ −5E0

1BB̄
þ E0

2BB̄
− 9PA0

BB̄
; ð4Þ

AðB− → pΔþþÞ ¼ −
ffiffiffi
6

p
ðT1BD̄ − 2T2BD̄Þ þ

ffiffiffi
6

p
PBD̄ þ 2

ffiffiffi
2

3

r
P1EWBD̄ þ

ffiffiffi
6

p
ABD̄;

AðB̄0 → Ξ−Σ�−Þ ¼
ffiffiffi
2

p
P0
BD̄ −

ffiffiffi
2

p

3
P0
1EWBD̄; ð5Þ

AðB− → Δ0p̄Þ ¼
ffiffiffi
2

p
T1DB̄ −

ffiffiffi
2

p
PDB̄ þ

ffiffiffi
2

p

3
ð3P1EWDB̄ þ P2EWDB̄Þ −

ffiffiffi
2

p
ADB̄;

AðB̄0 → Σ�þp̄Þ ¼
ffiffiffi
2

p
T 0
2DB̄

þ
ffiffiffi
2

p
P0
DB̄

þ 2
ffiffiffi
2

p

3
P0
2EWDB̄

; ð6Þ

AðB̄0 → Δ0Δ0Þ ¼ 2TDD̄ þ 4PDD̄ þ 2

3
PEWDD̄ þ 2EDD̄ þ 18PADD̄;

AðB− → Σ�þΔþþÞ ¼ 2
ffiffiffi
3

p
T 0
DD̄ þ 2

ffiffiffi
3

p
P0
DD̄ þ 4ffiffiffi

3
p P0

EWDD̄ þ 2
ffiffiffi
3

p
A0
DD̄; ð7Þ

where Tð0Þ, Pð0Þ, Eð0Þ, Að0Þ, PAð0Þ and Pð0Þ
EW are tree, penguin,W-exchange, annihilation, penguin annihilation and electroweak

penguin amplitudes, respectively, for ΔS ¼ 0ð−1Þ decays (see Fig. 1). In most cases we need more than one tree and one
penguin amplitude in the baryonic decay amplitudes. Note that from the above amplitudes, B̄0 → pp̄ decay is expected to
be a tree dominated mode, B− → Λp̄ decay a penguin dominated mode and B̄0

s → pp̄ decay a suppressed mode.
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By considering the chirality nature of weak interaction
and asymptotic relations [27] at the large mB limit
(mq=mB;mB;D=mB ≪ 1), the number of independent
amplitudes is significantly reduced [3,26]:

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

;

E1BB̄;2BB̄;BD̄;DB̄;DD̄; A1BB̄;2BB̄;BD̄;DB̄;DD̄; PABB̄;DD̄ → 0; ð8Þ

and there are only one tree, one penguin and one electro-
weak penguin amplitude, which are estimated to be

Tð0Þ ¼VubV�
udðsÞ

Gfffiffiffi
2

p ðc1þc2Þχū0ð1−γ5Þv;

Pð0Þ ¼−VtbV�
tdðsÞ

Gfffiffiffi
2

p ½c3þc4þκ1c5þκ2c6�χū0ð1−γ5Þv;

Pð0Þ
EW¼−

3

2
VtbV�

tdðsÞ
Gfffiffiffi
2

p ½c9þc10þκ1c7þκ2c8�χū0ð1−γ5Þv;

ð9Þ

where ci are the next-to-leading order Wilson coefficients,
given by

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; ð10Þ

in the naive dimensional regularization scheme at scale
μ ¼ 4.2 GeV [28]. Note that the relative signs of c1;3;9 and
c2;4;10 in Eq. (9) are determined according to Ref. [18].
Since the Fiertz transformation ofO5;6;7;8 are different from
O1;2;3;4, additional coefficients κi in front of c5ð7Þ and c6ð8Þ
in Eq. (9) are assigned. For simplicity we take κ1 ¼ κ2 ¼ κ.
The parameters χ and κ will be extracted from B̄0 → pp̄
and B− → Λp̄ data. Note that jκj is expected to be of
order Oð1Þ.
In reality the mB mass is finite. The decays amplitudes

are not in the asymptotic forms. Some corrections are

expected. The correction on Tð0Þ
i , Pð0Þ

i and Pð0Þ
EWi are

estimated to be of order mB=mB (the baryon and B meson
mass ratio). Hence, we have

Tð0Þ
i ¼ ð1þ rð0Þt;i ÞTð0Þ;

Pð0Þ
i ¼ ð1þ rð0Þp;iÞPð0Þ

; Pð0Þ
EWi ¼ ð1þ rð0Þewp;iÞPð0Þ

EW; ð11Þ

with

jrð0Þt;i j; jrð0Þp;ij; jrð0Þewp;ij ≤ mp=mB; ð12Þ

parametrizing the correction to the asymptotic relations,
Eq. (8). Note that the phases of these rð0Þ can be any value.

For Pð0Þ
i , we replace the CKM factor −VtbV�

tdðsÞ by the sum

of VubV�
udðsÞ and VcbV�

cdðsÞ. The penguins with VubV�
udðsÞ

and VcbV�
cdðsÞ are u-penguin (Pð0Þu

i ) and c-penguin (Pð0Þc
i ),

respectively. The rp;i of the u-penguin and the c-penguin
are independent. Furthermore, although in the asymptotic
limit the ū0u and −ū0γ5u terms have the same coefficients,
see Eq. (9), this will no longer be true in the finitemB case.
In other words, the rð0Þ for ū0u and −ū0γ5u terms are
independent. For subleading terms, such as exchange,
penguin annihilation and annihilation amplitudes, we have

Eð0Þ
i ≡ ηi

fB
mB

mB

mB
Tð0Þ; Að0Þ

j ≡ ηj
fB
mB

mB

mB
Tð0Þ;

PAð0Þ
k ≡ ηk

fB
mB

mB

mB
Pð0Þ; ð13Þ

where the ratio fB=mB is from the usual estimation, the
factor mB=mB is from the chirality structure. Note that
jηi;j;kj are estimated to be of order 1 and, explicitly, we take
0 ≤ jηi;j;kj ≤ jηj ¼ 1, with the bound jηj set to 1.
With the above amplitudes and formulas given in

Appendixes A and B, we are ready to study the two-body
baryonic decay rates. Note that for B̄ → BD;DB̄ decays,
we need to add a correction factor of pcm=ðmB=2Þ to the
topological amplitudes shown in Eq. (9) with pcm the
momentum of the final state baryons in the center-of-mass
frame. The factor will further correct the amplitudes from
their asymptotic forms.

III. NUMERICAL RESULTS ON RATES
AND DIRECT CP ASYMMETRIES

A. Tree and penguin 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. (9), are fitted to be

χ ¼ ð5.08þ1.12
−1.02Þ × 10−3 GeV2; κ ¼ 1.92þ0.39

−0.46 : ð14Þ

Note that the value of κ is indeed of order 1. The tree-
penguin ratio is close to the naïve estimation. The penguin-
tree and tree-penguin ratios of the asymptotic amplitudes
[see Eq. (8)] for ΔS ¼ 0 and −1 transitions, respectively,
can be extracted for the first time to be
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����PT
���� ¼ 0.24� 0.04;

���� T
0

P0

���� ¼ 0.21þ0.05
−0.03 : ð15Þ

The above equation is one of the major results of this work.

B. Numerical results on rates

In the following we make use of the B̄0 → pp̄ and B− →
Λp̄ data as inputs and predict rates of all other B̄ → BB̄,
BD, DB̄, DD̄ modes. Results are shown in Tables I–VIII.
They are major results of this work. A first glimpse on these
tables reveals that all experimental upper bounds are
satisfied. This is a nontrivial check. We will go through
the discussions of the updated results on B̄ → BB̄, BD,DB̄,
DD̄ decay rates below and make suggestions on future
experimental searches. We will give a summary of our
suggestions at the end of this subsection.

1. Rates of B̄q → BB̄ decays

Predictions on ΔS ¼ 0, B̄q → BB̄ decay rates are shown
in Table I. The first uncertainty is from the uncertainties
of the χ and κ parameters [see Eq. (14)], reflecting the
uncertainties in the measurements of BðB̄0 → ppÞ and
BðB− → Λp̄Þ. The second uncertainty is obtained by

varying the tree and penguin strong phase ϕ, where we
assign to the penguin amplitude2:

Pð0Þ ¼−VtbV�
tdðsÞ

Gfffiffiffi
2

p ½c3þ c4þ κc5þ κc6�χeiϕū0ð1− γ5Þv

ð16Þ

and a similar expression for Pð0Þ
EW. We use a common strong

phase for simplicity. The third uncertainty is from relaxing
the asymptotic relations by varying rt;i; rp;i; rewp;i [see
Eqs. (11) and (12)] and the last uncertainty is from
subleading contributions, such as annihilation, penguin
annihilation and exchange amplitudes [see Eq. (13)].
From the tables we see that errors are reduced at least by

a factor of 2 compared to the previous analysis in [3]. These
errors can provide useful information: (i) As noted before
the first errors reflect the uncertainties in BðB̄0 → ppÞ and
BðB− → Λp̄Þ. (ii) The second errors reflect the size of tree-
penguin interferences. We can see from the table that in

(a) (b)

(c) (d)

(e) (f)

FIG. 1. Flavor flow or topological diagrams of (a) Tð0Þ (tree), (b) Pð0Þ (penguin), (c) Eð0Þ (W-exchange), (d) Að0Þ (annihilation), (e) PAð0Þ

(penguin annihilation) and (f) Pð0Þ
EW (electroweak penguin) amplitudes in B̄ to baryon pair decays for ΔS ¼ 0ð−1Þ decays.

2The strong phase of the tree amplitude is factored out and set
to zero. Therefore, the strong phase ϕ is the relative strong phase
of penguin and tree amplitudes.
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general the effects of tree-penguin interference on rates are
not sizable. This is consistent with the tree-penguin ratios
shown in Eq. (15). (iii) The third errors, which correspond
to corrections to amplitudes away from the asymptotic
limit, are usually the largest ones. (iv) Occasionally we
show the last errors, which are from subleading contribu-
tions, to larger decimal places. These terms are with ηi;j;k
[see Eq. (13)]. Note that for modes which only have
subleading contributions, the rates are proportional to
jηi;j;kj2, while for modes having tree and/or penguin terms
as well, these (subleading) contributions are roughly
proportional to ηi;j;k.
ForΔS ¼ 0, B̄q → BB̄ decays, there are three modes that

can decay cascadely to all charged final states, namely
B̄0 → pp̄, B̄0 → Ξ−Ξ− and ΛΛ̄ decays.3 We see from
Table I that among these modes the B̄0 → pp̄ decay has
the highest rate and highest detectability. The rates of
the other two modes are, in fact, one or two orders of
magnitude smaller than the pp̄ rate. In particular, the

predicted B̄0 → ΛΛ̄ rate is much smaller than the present
experimental upper limit [29]. More modes can be searched
for with π0, γ, π0π0 and π0γ in future experiments, such as
in Belle II. For example, with one π0 or γ, one can search
for B̄0 → Σ0Λ̄ and B̄0

s → pΣþ decays, with π0γ one can

also search for B̄0
s → Σ0Ξ0 and B− → Σ0Σþ decays, while

with γγ one can search for B̄0 → Σ0Σ0 decays. In fact, the

B̄0
s → Σ0Ξ0 decay rate is of the order of 10−7, which is the

highest rate in the table, but the mode is reconstructed

through the cascade decay B̄0
s → Σ0Ξ0 → ΛγΛ̄π0, which

requires both γ and π0 for the detection. It is understandable
why the B̄0 → pp̄ decay is the first mode with experimental
evidence.
From Eqs. (A1), (A2) and (A3), we see that there

are several modes without any tree (TiBB̄) contribution.

These include B− → Σ−Σ0, B− → Σ−Λ̄, B− → Ξ−Ξ0,

B̄0 → Ξ−Ξ−, B̄0 → Σ−Σ−, B̄0 → Ξ0Ξ0, B̄0 → ΣþΣþ and
B̄0
s → Σ−Ξ− decays. As shown in Table I the second

uncertainties of the rates of these modes are vanishing.
Note that B̄0 → Ξ−Ξ̄−, B̄0 → Σ−Σ− and B̄0

s → Σ−Ξ−

decays are pure penguin modes, which only have PiBB̄,

PiEWBB̄ and PABB̄ terms, while B̄0 → Ξ0Ξ0 and B̄0 →
ΣþΣþ decays only have subleading contributions, namely
EiBB̄ and PABB̄. Note that although B− → ΛΣþ,
B̄0
s → ΛΞ0, B̄0 → ΛΛ̄ and B̄0 → ΛΣ0 decays have tree

amplitudes TiBB̄, these tree amplitudes cancel out in the

TABLE I. Decay rates of ΔS ¼ 0, B̄q → BB̄ modes. The first uncertainty is from the uncertainties of the χ and κ parameters, reflecting
the uncertainties in the measurements of BðB̄0 → ppÞ and BðB− → Λp̄Þ, the second uncertainty is obtained by varying the tree and
penguin strong phase ϕ, the third uncertainty is from relaxing the asymptotic relations, by varying rt;i; rp;i; rewp;i [see Eqs. (11) and (12)]
and the last uncertainty is from subleading contributions, terms with ηi;j;k [see Eq. (13)]. Occasionally the last uncertainty is shown to a
larger decimal place. The latest experimental results are given in parentheses under the theoretical results. The experimental B̄0 → pp̄
rate is one of the inputs.

Mode Bð10−8Þ Mode Bð10−8Þ
B− → np̄ 3.45þ1.50þ0.68þ1.99

−1.50−1.23−0 � 0.09 B̄0
s → pΣþ 1.42þ0.69þ0.13þ2.01

−0.51−0−1.12 � 0

B− → Σ0Σþ 3.29þ1.56þ0.52þ2.09
−1.18−0−1.58 � 0.11 B̄0

s → nΣ0 0.75þ0.36þ0þ0.32
−0.27−0.05−0.26 � 0

B− → Σ−Σ0 0.62þ0.28
−0.22 � 0þ0.42þ0.006

−0.31−0.004 B̄0
s → nΛ̄ 2.96þ1.36þ0.57þ1.88

−1.06−0−1.41 � 0

B− → Σ−Λ̄ 0.47þ0.21
−0.17 � 0þ0.20þ0.003

−0.17−0.002 B̄0
s → Σ0Ξ0 10.85þ5.23þ1.22þ5.23

−3.90−0−4.20 � 0

B− → Ξ−Ξ0 0.07þ0.03
−0.03 � 0� 0.03þ0.0005

−0.0003 B̄0
s → Σ−Ξ− 1.76þ0.78

−0.63 � 0þ0.76
−0.63 � 0

B− → ΛΣþ 0.47þ0.21
−0.17 � 0þ0.38þ0.003

−0.17−0.002 B̄0
s → ΛΞ0 0.11þ0.05

−0.04 � 0þ0.63
−0.08 � 0

B̄0 → pp̄ 1.47þ0.71þ0.14þ2.07
−0.53−0−1.16 � 0.12 B̄0 → ΣþΣþ 0� 0� 0� 0þ0.003

−0

1.47þ0.62þ0.35
−0.51−0.14 [4]

B̄0 → nn̄ 6.66þ3.15þ1.05þ4.25
−2.39−0−3.20 � 0.07 B̄0 → Σ0Σ0 1.52þ0.72þ0.24þ0.97

−0.55−0−0.73 � 0.07

B̄0 → Ξ0Ξ0 0� 0� 0� 0þ0.0004
−0 B̄0 → Σ−Σ− 1.15þ0.51

−0.41 � 0þ0.78
−0.58 � 0.04

B̄0 → Ξ−Ξ− 0.07þ0.03
−0.02 � 0þ0.03

−0.02 � 0.01 B̄0 → Σ0Λ̄ 4.10þ1.98þ0.39þ1.90
−1.47−0−1.54 � 0.05

B̄0 → ΛΛ̄ 0� 0� 0þ0.23þ0.0005
−0−0 B̄0 → ΛΣ0 0.22þ0.10

−0.08 � 0þ0.18
−0.08 � 0.001

(<32) [29]

3To study the accessibilities of searching the charmless two-
body baryonic modes, we note that (i)Δþþ;0, Λ, Ξ−, Σ��, Ξ�0 and
Ω− have nonsuppressed decay modes of final states with all
charged particles, (ii) Δþ, Σþ, Ξ0, Σ�0 and Ξ�− can be detected by
detecting a π0, (iii) Σ0 can be detected by detecting γ, and (iv) one
needs n in detecting Δ− and Σ− [3,30]. Note that although some
particles, such as Ξ− and Ξ�0, can decay to final states with all
charged particles, they may suffer from low reconstruction
efficiencies.
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asymptotic limit [see Eqs (A1), (A2), (A3) and (8)]. In
particular, the tree, penguin, electroweak penguin and
exchange amplitudes in the B̄0 → ΛΛ̄ amplitude all cancel
out in the asymptotic limit. This mode is therefore sensitive
to the correction to the asymptotic relations, Eqs. (8), (11)
and (12).
Predictions onΔS ¼ −1, B̄q → BB̄ decay rates are shown

in Table II. There are 9 modes that have rates of order 10−7,

namely B− → Ξ0Σþ, Ξ−Σ0, Λp̄, B̄0 → Ξ0Σ0, Ξ−Σ−, Λn̄,
B̄0
s → Ξ0Ξ0, Ξ−Ξ− andΛΛ̄ decays. On the other hand, there

are 5 modes that can cascadely decay to all charged final
states, namely B− → Ξ−Λ̄;Λp̄, B̄0

s → pp̄, Ξ−Ξ− and ΛΛ̄.
Comparing these two sets, we see that B− → Λp̄, B̄0

s → ΛΛ̄
and Ξ−Ξ− decays are the only three modes that have
rates of order 10−7 and can cascadely decay to all charge
final states. In fact, the B− → Λp̄ has the highest rate
among these three modes and has the best detectability as
the others need both Λ and Λ̄ for detections (B̄0

s → ΛΛ̄,
B̄0
s → Ξ−Ξ− → Λπ−Λ̄πþ). It is understandable that why

B− → Λp̄ is the first penguin mode with experimental
evidence. Nevertheless, it is interesting to search for B̄0

s →
ΛΛ̄ and Ξ−Ξ− decays as well. One can also search for other
modes. For example, the B− → Ξ−Λ̄ mode can also cas-
cadely decay to all charged final states and its rate is of order
10−8, but this mode suffers from the low reconstruction

efficiency of Ξ−. With γ one can search for B− → Ξ−Σ0

decay, which has rate of order 10−7. With π0 one can search
for B̄0 → Ξ0Λ̄ and B̄0 → Σþp̄ decays at 10−8 level. With

π0π0 one can search forB− → Ξ0Σþ, B̄0
s → Ξ0Ξ0, and B̄0

s →
ΣþΣþ decays, where the first two modes have rate of order

10−7, while with π0γ one can search for B̄0 → Ξ0Σ0, which
has rate of order 10−7, and finally with γγ one can search for

B̄0
s → Σ0Σ0 decay at 10−8 level. Note that with all charged

final states, γ, π0π0 and π0γ, most modes having rates of the
order of 10−7 can be searched for in the future.
From Eqs. (A4), (A5) and (A6), we see that B− → Σ−n̄,

B− → Ξ−Σ0, B− → Ξ−Λ̄, B̄0 → Ξ−Σ−, B̄0
s → Σ−Σ−,

B̄0
s → Ξ−Ξ−, B̄0

s → pp̄ and B̄0
s → nn̄ decays do not have

any tree (T 0
iBB̄

) contribution. As shown in Table II the rates
of these modes have vanishing second uncertainties. In
particular, we note that B̄0 → Ξ−Σ−, B̄0

s → Σ−Σ− and B̄0
s →

Ξ−Ξ− are pure penguin modes, which only have P0
iBB̄

,
P0
iEWBB̄

and PA0
BB̄

terms, while B̄0
s → pp̄ and B̄0

s → nn̄
decays only have subleading contributions, the E0

iBB̄
and

PA0
BB̄

terms. We will return to these modes later.
The predicted B̄0

s → pp̄ rate is several orders smaller
than the present experimental result, which, however, has
large uncertainty. As noted this mode only receives con-
tributions from subleading terms [see Eq. (4)]. One may
enhance the subleading contributions, but will soon run into
contradictions. For example, after enhancing the sublead-
ing contributions in the B̄0 → pp̄ mode, the so-called
“subleading contributions” will oversize the leading tree
contribution. Note that, some enhancement on subleading
contributions is possible in the presence of final state
rescattering (see for example, [31,32]), but it is unlikely
that the enhancement be so significant. Note that in
Ref. [5], when partial conservation of axial-vector current
is relaxed, the calculated Bs → pp̄ rate can be close to data,
but the predicted B− → Λp̄ rate is of the order 10−8 and is

TABLE II. Same as Table I, but with ΔS ¼ −1, B̄q → BB̄ modes. The latest experimental result is given in the parentheses under the
theoretical results. The experimental B− → Λp̄ rate is one of the inputs.

Mode Bð10−8Þ Mode Bð10−8Þ
B− → Σ0p̄ 0.76þ0.35þ0þ0.50

−0.27−0.19−0.37 � 0.001 B̄0 → Σþp̄ 1.83þ0.76þ0.47þ0.82
−0.65−0−0.61 � 0

B− → Σ−n̄ 1.67þ0.74
−0.59 � 0þ0.71þ0.002

−0.58−0.002 B̄0 → Σ0n̄ 1.12þ0.47þ0.52þ0.47
−0.40−0−0.36 � 0

B− → Ξ0Σþ 39.98þ17.53þ2.14þ17.06
−14.23−0−14.02 � 0.03 B̄0 → Ξ0Σ0 18.50þ8.11þ0.99þ7.89

−6.58−0−6.48 � 0

B− → Ξ−Σ0 19.40þ8.59
−6.90 � 0þ8.38

−6.88 � 0.02 B̄0 → Ξ0Λ̄ 2.59þ1.07þ0.67þ2.80
−0.92−0−1.74 � 0

B− → Ξ−Λ̄ 2.36þ1.05
−0.84 � 0þ2.65

−1.67 � 0.005 B̄0 → Ξ−Σ− 35.88þ15.89
−12.77 � 0þ15.50

−12.73 � 0

B− → Λp̄ 24.00þ10.44þ2.13þ12.48
−8.54−0−9.85 � 0.02 B̄0 → Λn̄ 23.48þ10.00þ4.12þ12.13

−8.36−0−9.50 � 0

24þ10
−8 � 3 [1]

B̄0
s → pp̄ 0� 0� 0þ0.007

−0 B̄0
s → ΣþΣþ 1.76þ0.73þ0.45þ0.79þ0.21

−0.63−0−0.59−0.20

(2.84þ2.03þ0.85
−1.68−0.18 ) [4]

B̄0
s → nn̄ 0� 0� 0þ0.007

−0 B̄0
s → Σ0Σ0 1.61þ0.69þ0.21þ0.69þ0.20

−0.57−0−0.55−0.19

B̄0
s → Ξ0Ξ0 24.46þ10.53þ3.24þ16.28þ0.75

−8.71−0−12.07−0.74 B̄0
s → Σ−Σ− 1.49þ0.66

−0.53 � 0þ0.63þ0.19
−0.52−0.18

B̄0
s → Ξ−Ξ− 22.63þ10.02

−8.05 � 0þ15.27þ0.72
−11.36−0.71 B̄0

s → Σ0Λ̄ 0.05þ0.03þ0.04þ0.06
−0.02−0−0.04 � 0.001

B̄0
s → ΛΛ̄ 14.90þ6.42þ1.97þ7.58þ0.61

−5.31−0−5.99−0.60 B̄0
s → ΛΣ0 0.05þ0.03þ0.04

−0.02−0 � 0.02� 0.001
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in tension with the data [1]. We need a more precise
measurement on the Bs → pp̄ rate to settle the issue.

2. Rates of B̄q → BD decays

Predictions on rates of ΔS ¼ 0, B̄q → BD decays are
shown in Table III. Modes that can cascadely decay to all
charged final states and with unsuppressed rates are B− →
pΔþþ and B̄0

s → pΣ�þ decays. In particular, the predicted
rate of B− → pΔþþ decay is the highest one in the table
and is just roughly a factor of 2 smaller than the present
experimental upper bound [33], which, however, has not
been updated for quite a while. This mode could be just
around the corner. On the other hand, four other modes that
can cascadely decay to all charged final states, namely
B− → Ξ−Ξ�0, ΛΣ�þ, B̄0

s → Ξ−Ω− and ΛΞ�0 decays, are
one or two orders of magnitude more suppressed. Note that

with γ one can search for B− → Σ0Σ�þ and B̄0
s → Σ0Ξ�0

decays, with π0 one can search for B̄0 → pΔþ decay, while

with γπ0 one can search for B̄0 → Σ0Σ�0 decay in the
future. All of these modes have rates of orders 10−8.
From Eqs. (A7), (A8) and (A9), we see that

B− → Σ−Σ�0, B− → Ξ−Σ�0, B̄0
s → Σ−Ξ�−, B̄0 → Ξ−Ξ�−,

B̄0 → Σ−Σ�−, B̄0
s → Ξ−Ω−, B̄0 → ΣþΣ�þ and B̄0 →

Ξ0Ξ�0 decay amplitudes, do not have any tree (TiBD̄)
contribution. As shown in Table III, the rates of these
modes have vanishing second uncertainties. We note that
B̄0 → Ξ−Ξ�− and B̄0 → Σ−Σ�− decays are pure penguin
modes with only PBD and PiEWBD̄ contributions, while

B̄0 → ΣþΣ�þ and B̄0 → Ξ0Ξ�0 decays are pure exchange
modes with only EBD contributions. Although

B− → ΛΣ�þ, B̄0
s → ΛΞ�0 and B̄0 → ΛΣ�0 decay ampli-

tudes have tree amplitudes, these tree amplitudes cancel out
in the asymptotic limit.
There are relations among rates. Using formulas in

Appendixes A and B, we have [3]

BðB− → Ξ−Ξ�0Þ ¼ 2BðB− → Σ−Σ�0Þ
�
pcmðB− → Ξ−Ξ�0Þ
pcmðB− → Σ−Σ�0Þ

�3

≃ 2BðB− → Σ−Σ�0Þ;

3τBd
BðB̄0 → Σ−Σ�−Þ≃ 3τBd

BðB̄0 → Ξ−Ξ�−Þ≃ 3τBs
BðB̄0

s → Σ−Ξ�−Þ≃ τBs
BðB̄0

s → Ξ−Ω−Þ;
BðB̄0 → ΣþΣ�þÞ≃ BðB̄0 → Ξ0Ξ�0Þ: ð17Þ

One can check from Table III that the rates of these modes
roughly satisfy the above relations and the agreement will
be improved when the SU(3) breaking effects are taken into
account. Note that these relations do not rely on the
asymptotic relations.
Predictions on ΔS ¼ −1, B̄q → BD decay rates are

shown in Table IV. Both B̄0 → Ξ−Σ�− and ΛΔ0 modes

can cascadely decay to all charge final states, where only
the B̄0 → Ξ−Σ�− rate can reach 10−8 level. In principle, this
mode can be detected through B̄0 → Ξ−Σ�− → Λπ−Λ̄πþ
decay, but may be restricted by the low reconstruction
efficiency of Ξ−. Note that with π0 one can search for
B̄0
s → ΣþΣ�þ, B− → Ξ0Σ�þ, B− → ΣþΔþþ, B̄0

s → Ξ−Ξ�−,
B̄0
s → Ξ0Ξ�0 and B− → Ξ−Σ�0 decays, which have rates of

TABLE III. Same as Table I, but with ΔS ¼ 0, B̄q → BD̄ modes. The latest experimental result is given in the parentheses.

Mode Bð10−8Þ Mode Bð10−8Þ
B− → pΔþþ 6.21þ3.01þ0.58þ8.77

−2.23−0−4.89 � 0.08 B̄0
s → pΣ�þ 1.84þ0.89þ0.17þ2.60

−0.66−0−1.45 � 0

(<14) [33]

B− → nΔþ 2.18þ1.05þ0þ0.93
−0.79−0.15−0.75 � 0.03 B̄0

s → nΣ�0 0.97þ0.47þ0þ0.41
−0.35−0.07−0.33 � 0

B− → Σ0Σ�þ 3.14þ1.53þ0.17þ1.34
−1.13−0−1.10 � 0.02 B̄0

s → Σ0Ξ�0 2.77þ1.35þ0.15þ1.19
−1.00−0−0.97 � 0

B− → Σ−Σ�0 0.04� 0.02� 0� 0.02þ0.0003
−0.0002 B̄0

s → Σ−Ξ�− 0.08� 0.03� 0� 0.03� 0

B− → Ξ−Ξ�0 0.07þ0.03
−0.02 � 0þ0.03þ0.0004

−0.02−0.0003 B̄0
s → Ξ−Ω− 0.18þ0.08

−0.07 � 0þ0.08
−0.06 � 0

B− → ΛΣ�þ 0.14þ0.06
−0.05 � 0þ0.21

−0.05 �þ0.001 B̄0
s → ΛΞ�0 0.12þ0.05

−0.04 � 0þ0.19
−0.05 � 0

B̄0 → pΔþ 1.92þ0.93þ0.18þ2.71
−0.69−0−1.51 � 0.02 B̄0 → ΣþΣ�þ 0� 0� 0þ0.0001

−0

B̄0 → nΔ0 2.01þ0.97þ0þ0.86
−0.73−0.14−0.69 � 0.03 B̄0 → Σ0Σ�0 1.45þ0.71þ0.08þ0.62

−0.52−0−0.51 � 0.01

B̄0 → Ξ0Ξ�0 0� 0� 0þ0.0001
−0 B̄0 → Σ−Σ�− 0.08þ0.04

−0.03 � 0� 0.03� 0

B̄0 → Ξ−Ξ�− 0.06þ0.03
−0.02 � 0þ0.03

−0.02 � 0 B̄0 → ΛΣ�0 0.06þ0.03
−0.02 � 0þ0.10þ0.0004

−0.02−0.0003
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orders 10−8, while with γ one can search for B̄0 → Σ0Δ0

decay in the future. In particular, the B− → ΣþΔþþ decay
rate is the highest one in the table. With γπ0, π0π0 or γγ, one
can search for B− → Σ0Δþ, B̄0 → ΣþΔþ, B̄0

s → Σ0Σ�0 and
B̄0 → Ξ0Σ�0 decays, which have rates of orders (or close to)
10−8, in the future. Note that the predicted B̄0 → ΛΔ0 and
B− → ΛΔþ rates are both roughly two orders of magnitude
below the present experimental bounds [34].
From Eqs. (A10), (A11) and (A12), we see that

B− → Σ−Δ0, B− → Ξ−Σ�0, B̄0 → Σ−Δ−, B̄0 → Ξ−Σ�−,
B̄0
s → Σ−Σ�−, B̄0

s → Ξ−Ξ�−, B̄0
s → pΔþ and B̄0

s → nΔ0

decays do not have any tree (T 0
iBD̄) contribution. As shown

in Table IV, the rates of these modes have vanishing second
uncertainties. Note that B̄0 → Σ−Δ−, B̄0 → Ξ−Σ�−, B̄0

s →
Σ−Σ�− and B̄0

s → Ξ−Ξ�− decays are pure penguin modes
with only P0

BD̄ and P0
iEWBD̄ contributions, while B̄0

s → pΔþ

and B̄0
s → nΔ0 are pure exchange modes with only E0

BD
contributions.
The rates of some modes are related. From Appendixes

A and B, we have [3]

2BðB− → Ξ−Σ�0Þ ¼ BðB− → Σ−Δ0Þ;
3τBs

BðB̄0
s → Σ−Σ�−Þ ¼ 3τBs

BðB̄0
s → Ξ−Ξ�−Þ

¼ 3τBd
BðB̄0 → Ξ−Σ�−Þ

¼ τBd
BðB̄0 → Σ−Δ−Þ;

BðB̄0
s → pΔþÞ ¼ BðB̄0

s → nΔ0Þ; ð18Þ

where these relations are subjected to corrections from
SU(3) breaking in jpcmj3. These relations do not rely on
the asymptotic relations. As shown in Table III the rates of

these modes roughly satisfy the above relations and the
agreement will be improved when the SU(3) breaking
effects are taken into account.

3. Rates of B̄q → DB̄ decays

Predictions on ΔS ¼ 0, B̄q → DB̄ decay rates are shown
in Table V. The mode with the highest decay rate is B̄0 →
Δ0n̄ decay, which is unfortunately hard to detect. Both
B− → Δ0p̄ and B̄0

s → Δ0Λ̄ decays can cascadely decay to
all charge final states. These two modes both have rates at
the order of 10−8, but the B− → Δ0p̄ decay has better
detectability. Note that the predicted rate of this mode is
roughly two orders of magnitude below the present
experimental limit [33], which, however, has not been
updated since 2008. With π0, one can search for B̄0 → Δþp̄
and B̄0 → Σ�0Λ̄ decays, while B̄0

s → Δ0Σ0 decay, which
has a slightly smaller rate, can be searched for with π0 in

the future. With π0π0, one can search for B̄0
s → Σ�0Ξ0,

B̄0
s → ΔþΣþ, and B− → Σ�0Σþ decays, in the future. These

modes all have rates at the level of 10−8.

Note that B− → Δ−n̄, B− → Σ�−Σ0, B− → Ξ�−Ξ0,
B− → Σ�−Λ̄, B̄0 → Ξ�−Ξ−, B̄0

s → Δ−Σ−, B̄0
s → Σ�−Ξ−,

B̄0 → Σ�−Σ−, B̄0 → Ξ�0Ξ0 and B̄0 → Σ�þΣþ decays do
not have any tree (TiDB̄) contribution [see Eqs. (A19),
(A20) and (A21)], and, consequently, their rates in Table V
have vanishing second uncertainties. In particular, the
B̄0 → Ξ�−Ξ−, B̄0

s → Δ−Σ−, B̄0
s → Σ�−Ξ− and B̄0 →

Σ�−Σ− decays are pure penguin modes, which only have

PDB̄ and PiEWDB̄ contributions, while B̄0 → Ξ�0Ξ0 and
B̄0 → Σ�þΣþ decays are pure exchange (EDB̄) modes.
The rates of some modes are related. Using the formulas

in Appendixes A and B, we have [3]

TABLE IV. Same as Table I, but with ΔS ¼ −1, B̄q → BD̄ modes. The latest experimental results are given in parentheses.

Mode Bð10−8Þ Mode Bð10−8Þ
B− → ΣþΔþþ 6.99þ2.90þ1.80þ3.13

−2.49−0−2.33 � 0.002 B̄0 → ΣþΔþ 2.16þ0.90þ0.56þ0.97
−0.77−0−0.72 � 0

B− → Σ0Δþ 4.25þ1.83þ0.56þ1.83
−1.51−0−1.46 � 0.003 B̄0 → Σ0Δ0 3.93þ1.69þ0.52þ1.69

−1.40−0−1.35 � 0

B− → Σ−Δ0 1.96þ0.87
−0.70 � 0þ0.83

−0.69 � 0.002 B̄0 → Σ−Δ− 5.46þ2.42
−1.94 � 0þ2.32

−1.91 � 0

B− → Ξ0Σ�þ 1.49þ0.67þ0þ0.93
−0.53−0.38−0.70 � 0.002 B̄0 → Ξ0Σ�0 0.69þ0.31þ0þ0.43

−0.24−0.17−0.33 � 0

B− → Ξ−Σ�0 0.81þ0.36
−0.29 � 0þ0.34

−0.28 � 0.001 B̄0 → Ξ−Σ�− 1.49þ0.66
−0.53 � 0þ0.63

−0.52 � 0

B− → ΛΔþ 0.15þ0.07þ0.11þ0.07
−0.05−0−0.05 � 0 B̄0 → ΛΔ0 0.14þ0.07þ0.10þ0.06

−0.05−0−0.05 � 0

(<82) [34] (<93) [34]

B̄0
s → pΔþ 0� 0� 0þ0.000005

−0 B̄0
s → ΣþΣ�þ 2.07þ0.86þ0.53þ0.93

−0.74−0−0.69 � 0.001

B̄0
s → nΔ0 0� 0� 0þ0.000005

−0 B̄0
s → Σ0Σ�0 1.89þ0.81þ0.25þ0.81

−0.67−0−0.65 � 0.001

B̄0
s → Ξ0Ξ�0 1.31þ0.59þ0þ0.82

−0.47−0.33−0.62 � 0.002 B̄0
s → Σ−Σ�− 1.74þ0.77

−0.62 � 0þ0.74
−0.61 � 0

B̄0
s → Ξ−Ξ�− 1.42þ0.63

−0.51 � 0þ0.60
−0.50 � 0 B̄0

s → ΛΣ�0 0.07þ0.03þ0.05þ0.03
−0.02−0−0.02 � 0.001
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BðB− → Δ0p̄Þ ¼ 2BðB− → Σ�0ΣþÞ;
BðB− → Δ−n̄Þ ¼ 3BðB− → Ξ�−Ξ0Þ ¼ 6BðB− → Σ�−Σ0Þ ¼ 2BðB− → Σ�−Λ̄Þ;

3τBd
BðB̄0 → Σ�−Σ−Þ ¼ 3τBd

BðB̄0 → Ξ�−Ξ−Þ ¼ τBs
BðB̄0

s → Δ−Σ−Þ ¼ 3τBs
BðB̄0

s → Σ�−Ξ−Þ;
BðB̄0 → Σ�þΣþÞ ¼ BðB̄0 → Ξ�0Ξ0Þ; ð19Þ

where these relations are subjected to corrections from
SU(3) breaking in jpcmj3. These relations do not rely on the
asymptotic relations. Note that the relations on B− decay
rates are new compared to those in [3]. As shown in
Table V the rates of these modes roughly satisfy the above
relations and the agreement will be improved when the
SU(3) breaking effects are taken into account.
Predictions on ΔS ¼ −1, B̄q → DB̄ decay rates are

shown in Table VI. Note that B̄0 → Ω−Ξ−, B̄0 → Ξ�0Λ̄

and B̄0 → Σ�þp̄ decays are the only three modes that can
cascadely decay to all charged final states. All of them have
rates of order 10−8. We need more data to search for them as
the reconstruction efficiencies of the final states of the first
two modes are low, while the predicted B̄0 → Σ�þp̄ rate is
one order of magnitude below the experimental limit, which
has not been updated since 2007 [34]. Note that with one π0

one can search for B− → Ω−Ξ0, B− → Ξ�−Λ̄, B̄0
s → Ξ�0Ξ0,

TABLE V. Same as Table I, but with ΔS ¼ 0, B̄q → DB̄ modes. The latest experimental result is given in the parentheses.

Mode Bð10−8Þ Mode Bð10−8Þ
B− → Δ0p̄ 2.19þ1.05þ0þ0.92

−0.79−0.15−0.74 � 0.03 B̄0
s → ΔþΣþ 1.70þ0.82þ0.16þ0.79

−0.61−0−0.64 � 0

(<138) [33]

B− → Δ−n̄ 0.33þ0.15
−0.12 � 0þ0.14þ0.002

−0.12−0.001 B̄0
s → Δ0Σ0 0.96þ0.46þ0.15þ0.50

−0.34−0−0.40 � 0

B− → Σ�0Σþ 0.85þ0.41þ0þ0.36
−0.31−0.06−0.29 � 0.01 B̄0

s → Δ−Σ− 0.27þ0.12
−0.10 � 0þ0.11

−0.09 � 0

B− → Σ�−Σ0 0.04� 0.02� 0� 0.02þ0.0003
−0.0002 B̄0

s → Σ�0Ξ0 2.73þ1.33þ0.15þ1.17
−0.98−0−0.96 � 0

B− → Ξ�−Ξ0 0.07þ0.03
−0.02 � 0þ0.03þ0.0004

−0.02−0.0003 B̄0
s → Σ�−Ξ− 0.07� 0.03� 0� 0.03� 0

B− → Σ�−Λ̄ 0.14þ0.06
−0.05 � 0þ0.06

−0.05 � 0.001 B̄0
s → Δ0Λ̄ 2.59þ1.27þ0.03þ1.01

−0.93−0−0.84 � 0

B̄0 → Δþp̄ 1.92þ0.93þ0.18þ0.89
−0.69−0−0.72 � 0.02 B̄0 → Σ�þΣþ 0� 0� 0� 0þ0.0001

−0

B̄0 → Δ0n̄ 7.46þ3.64þ0.40þ3.19
−2.69−0−2.62 � 0.05 B̄0 → Σ�0Σ0 0.39þ0.19þ0þ0.17

−0.14−0.03−0.13 � 0.005

B̄0 → Ξ�0Ξ0 0� 0� 0� 0þ0.0001
−0 B̄0 → Σ�−Σ− 0.08þ0.04

−0.03 � 0� 0.03� 0

B̄0 → Ξ�−Ξ− 0.06þ0.03
−0.02 � 0þ0.03

−0.02 � 0 B̄0 → Σ�0Λ̄ 1.18þ0.57þ0.11þ0.55
−0.42−0−0.44 � 0.02

TABLE VI. Same as Table I, but with ΔS ¼ −1, B̄q → DB̄ modes.

Mode Bð10−8Þ Mode Bð10−8Þ
B− → Σ�0p̄ 0.94þ0.43þ0þ0.51

−0.33−0.24−0.40 � 0.001 B̄0 → Σ�þp̄ 2.25þ0.93þ0.58þ0.93
−0.80−0−0.75 � 0

<47 [34] <26 [34]

B− → Σ�−n̄ 2.05þ0.91
−0.73 � 0þ0.87

−0.72 � 0.002 B̄0 → Σ�0n̄ 1.39þ0.58þ0.65þ0.54
−0.49−0−0.45 � 0

B− → Ξ�0Σþ 1.44þ0.65
−0.51

þ0
−0.37

þ0.78
−0.61 � 0.002 B̄0 → Ξ�0Σ0 0.67þ0.30þ0þ0.36

−0.24−0.17−0.28 � 0

B− → Ξ�−Σ0 0.78þ0.35
−0.28 � 0þ0.33

−0.27 � 0.001 B̄0 → Ξ�−Σ− 1.45þ0.64
−0.51 � 0þ0.61

−0.51 � 0

B− → Ω−Ξ0 3.77þ1.67
−1.34 � 0þ1.60

−1.32 � 0.003 B̄0 → Ω−Ξ− 3.47þ1.54
−1.24 � 0þ1.47

−1.21 � 0

B− → Ξ�−Λ̄ 2.48þ1.10
−0.88 � 0þ1.05

−0.87 � 0.002 B̄0 → Ξ�0Λ̄ 2.71þ1.13þ0.70þ1.12
−0.97−0−0.90 � 0

B̄0
s → Δþp̄ 0� 0� 0� 0þ0.000005

−0 B̄0
s → Σ�þΣþ 1.98þ0.82þ0.51þ0.82

−0.71−0−0.66 � 0.001

B̄0
s → Δ0n̄ 0� 0� 0� 0þ0.000005

−0 B̄0
s → Σ�0Σ0 1.81þ0.78þ0.24þ0.74

−0.64−0−0.61 � 0.001

B̄0
s → Ξ�0Ξ0 1.99þ0.83þ0.93þ0.78

−0.71−0−0.64 � 0.0002 B̄0
s → Σ�−Σ− 1.67þ0.74

−0.59 � 0þ0.71
−0.58 � 0

B̄0
s → Ξ�−Ξ− 1.36þ0.60

−0.48 � 0þ0.58
−0.47 � 0 B̄0

s → Σ�0Λ̄ 0.06þ0.03þ0.05
−0.02−0 � 0.02� 0.001
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B̄0
s → Σ�þΣþ, B− → Ξ�0Σþ, B̄0

s → Ξ�−Ξ− and B− → Σ�0p̄
decays, which have rates of order 10−8, in the future. In

particular, the B− → Ω−Ξ0 decay has the highest rate in the
table and the predicted B− → Σ�0p̄ rate is more than one
order of magnitude below the experimental limit, which has
not been updated since 2007 [34]. With π0γ one can search

for B̄0
s → Σ�0Σ0 and B− → Ξ�−Σ0 decays, which have rates

of order (or close to) 10−8, in the future.

Note that B− → Σ�−n̄, B− → Ξ�−Σ0, B− → Ω−Ξ0,
B− → Ξ�−Λ̄, B̄0 → Ω−Ξ−, B̄0

s → Σ�−Σ−, B̄0 → Ξ�−Σ−,

B̄0
s → Ξ�−Ξ− B̄0

s → Δþp̄ and B̄0
s → Δ0n̄ decays do not

have any tree (T 0
iDB̄

) contribution [see Eqs. (A16), (A17)
and (A18)], and, consequently, their rates in Table VI
have vanishing second uncertainties. In particular, the
B̄0 → Ξ�−Σ− and B̄0

s → Ξ�−Ξ− decays are pure penguin
modes, which only have P0

DB̄
and P0

iEWDB̄
contributions,

while B̄0
s → Δþp̄ and B̄0

s → Δ0n̄ decays are pure exchange
(E0

DB̄
) modes.

The rates of some modes are related. Using the formulas
in Appendixes A and B, we have [3]

2BðB− → Σ�0p̄Þ ¼ BðB− → Ξ�0ΣþÞ;
3BðB− → Σ�−n̄Þ ¼ 6BðB− → Ξ�−Σ0Þ ¼ BðB− → Ω−Ξ0Þ ¼ 2BðB− → Ξ�−Λ̄Þ;

3τBs
BðB̄0

s → Σ�−Σ−Þ ¼ 3τBs
BðB̄0

s → Ξ�−Ξ−Þ ¼ 3τBd
BðB̄0 → Ξ�−Σ−Þ ¼ τBd

BðB̄0 → Ω−Ξ−Þ;
BðB̄0

s → Δþp̄Þ ¼ BðB̄0
s → Δ0n̄Þ; ð20Þ

where these relations are subjected to corrections from
SU(3) breaking in jpcmj3. Note that the relations on B−

decay rates are new compared to those in [3]. These
relations do not rely on the asymptotic relations. The rates
in Table IV roughly satisfy the above relations and the
agreement will be improved when the SU(3) breaking
effects are taken into account.

4. Rates of B̄q → DD̄ decays

Predictions on ΔS ¼ 0, B̄q → DD̄ decay rates are shown
in Table VII. There are six modes that can cascadely decay

to all charged final states. They are B̄0 → ΔþþΔþþ, Δ0Δ0,

Ω−Ω−, Σ�þΣ�þ, Σ�−Σ�− and Ξ�0Ξ�0 decays. However, most

of them have highly suppressed rates, except B̄0 → Δ0Δ0

and B̄0 → Σ�−Σ�− decays, which have rates of order 10−8

and should be searchable. In particular, the bound on B̄0 →

Δ0Δ0 rate has not been updated for almost three decades
[35]. Note that with π0, one can search for plenty of
unsuppressed modes. These modes include B− → ΔþΔþþ,
B− → Δ0Δþ, B̄0

s → ΔþΣ�þ, B− → Σ�0Σ�þ, B̄0
s → Δ0Σ�0,

B̄0
s → Σ�0Ξ�0, B̄0

s → Σ�−Ξ�−, and B̄0
s → Ξ�−Ω− decays. In

TABLE VII. Same as Table I, but with ΔS ¼ 0, B̄q → DD̄ modes.

Mode Bð10−8Þ Mode Bð10−8Þ
B− → ΔþΔþþ 17.15þ8.31þ1.61þ7.97

−6.17−0−6.45 � 0.22 B̄0
s → ΔþΣ�þ 5.18þ2.51þ0.49þ2.41

−1.86−0−1.95 � 0

B− → Δ0Δþ 6.47þ3.07þ1.02þ3.39
−2.33−0−2.67 � 0.14 B̄0

s → Δ0Σ�0 2.93þ1.39þ0.46þ1.53
−1.05−0−1.21 � 0

B− → Δ−Δ0 0.92þ0.41
−0.33 � 0þ0.39þ0.006

−0.32−0.004 B̄0
s → Δ−Σ�− 0.83þ0.37

−0.29 � 0þ0.35
−0.29 � 0

B− → Σ�0Σ�þ 3.02þ1.43þ0.47þ1.58
−1.08−0−1.24 � 0.07 B̄0

s → Σ�0Ξ�0 2.73þ1.29þ0.43þ1.43
−0.98−0−1.12 � 0

B− → Σ�−Σ�0 0.57þ0.25
−0.20 � 0þ0.24

−0.20 � 0.003 B̄0
s → Σ�−Ξ�− 1.03þ0.46

−0.37 � 0þ0.44
−0.36 � 0

B− → Ξ�−Ξ�0 0.26þ0.12
−0.09 � 0þ0.11þ0.002

−0.09−0.001 B̄0
s → Ξ�−Ω− 0.71þ0.31

−0.25 � 0þ0.30
−0.25 � 0

B̄0 → ΔþþΔþþ 0� 0� 0� 0þ0.004
−0 B̄0 → Σ�þΣ�þ 0� 0� 0� 0þ0.002

−0

<1.1 × 104 [35]

B̄0 → ΔþΔþ 5.29þ2.56þ0.50þ2.46
−1.90−0−2.00 � 0.16 B̄0 → Σ�0Σ�0 1.40þ0.66þ0.22þ0.73

−0.50−0−0.58 � 0.06

B̄0 → Δ0Δ0 5.99þ2.83þ0.94þ3.14
−2.15−0−2.47 � 0.13 B̄0 → Σ�−Σ�− 1.05þ0.47

−0.37 � 0þ0.45
−0.37 � 0.07

<1.5 × 105 [35]

B̄0 → Δ−Δ− 2.55þ1.13
−0.91 � 0þ1.08

−0.89 � 0.11 B̄0 → Ξ�0Ξ�0 0� 0� 0� 0þ0.001
−0

B̄0 → Ω−Ω− 0� 0� 0� 0þ0.001
−0 B̄0 → Ξ�−Ξ�− 0.24þ0.11

−0.09 � 0þ0.10
−0.08 � 0.03
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particular, the mode with the highest rate (the only one at
order 10−7) can be searched through the B− → ΔþΔþþ →
pπ0p̄π− decay. With π0π0, one can also search for B̄0 →

ΔþΔþ and B̄0 → Σ�0Σ�0 decays.

Note that B− → Δ−Δ0, B− → Σ�−Σ�0, B− → Ξ�−Ξ�0,
B̄0 → Δ−Δ−, B̄0 → Σ�−Σ�−, B̄0 → Ξ�−Ξ�−, B̄0

s → Δ−Σ�−,
B̄0
s → Σ�−Ξ�−, B̄0

s → Ξ�−Ω−, B̄0 → ΔþþΔþþ,
B̄0 → Σ�þΣ�þ, B̄0 → Ξ�0Ξ�0 and B̄0 → Ω−Ω− decays do
not have any tree (TDD̄) contribution [see Eqs. (A19), (A20)
and (A21)], and, consequently, their rates in Table VII
have vanishing second uncertainties. In particular, the
B̄0 → Δ−Δ−, B̄0 → Σ�−Σ�−, B̄0 → Ξ�−Ξ�−, B̄0

s → Δ−Σ�−,
B̄0
s → Σ�−Ξ�− and B̄0

s → Ξ�−Ω− decays are pure penguin
modes, which only have PDD̄, PEWDD̄ and PADD̄ contri-

butions, the B̄0 → ΔþþΔþþ, B̄0 → Σ�þΣ�þ and B̄0 →

Ξ�0Ξ�0 decays are subleading modes, which only have
EDD̄ and PDD̄ contributions, while the B̄0 → Ω−Ω− decay
is a pure penguin annihilation (PADD̄) mode.
The rates of some modes are related. Using formulas in

Appendixes A and B, we have [3]

2BðB−→Δ−Δ0Þ¼3BðB−→Σ�−Σ�0Þ¼6BðB−→Ξ�−Ξ�0Þ;
BðB−→Δ0ΔþÞ¼2BðB−→Σ�0Σ�þÞ;
BðB0

s→Δ0Σ�0Þ¼BðB0
s→Σ�0Ξ�0Þ;

4BðB0
s→Δ− ¯Σ�−Þ¼4BðB0

s→Ξ�−Ω−Þ¼3BðB0
s→Σ�−Ξ�−Þ;

ð21Þ

where these relations are subjected to SU(3) breaking from
the phase space factors. These relations do not rely on the
asymptotic relations. As shown in Table VII the rates of
these modes roughly satisfy the above relations and the

agreement will be improved when the SU(3) breaking
effects are taken into account.
Predictions on ΔS ¼ −1, B̄q → DD̄ decay rates are

shown in Table VIII. There are eight modes that can
cascadely decay to all charged final states with unsup-
pressed rates. They are B̄0

s → Ω−Ω−, B− → Ξ�0Σ�þ,
B̄0
s → Ξ�0Ξ�0, B− → Σ�þΔþþ, B− → Ω−Ξ�0,

B̄0
s → Σ�þΣ�þ, B− → Σ�−Δ0 and B̄0

s → Σ�−Σ�− decays. It
is interesting that many (the first five) of them have rates of
order 10−7. In particular, the B̄0

s → Ω−Ω− decay has the
highest rate and good detectability. Note that with one π0

one can search for B̄0 → Ξ�−Σ�−, B̄0 → Ω−Ξ�−,
B̄0
s → Ξ�−Ξ�−, B− → Σ�0Δþ, B̄0 → Σ�0Δ0 and B̄0 →

Ξ�0Σ�0 decays in the future. All of them have rates of

order 10−7. With π0π0 one can search for B− → Ξ�−Σ�0,
B̄0
s → Σ�0Σ�0 and B̄0 → Σ�þΔþ decays, where the first one

has rate of order 10−7.

Note that B− → Σ�−Δ0, B− → Ξ�−Σ�0, B− → Ω−Ξ�0,
B̄0 → Σ�−Δ−, B̄0 → Ξ�−Σ�−, B̄0 → Ω−Ξ�−, B̄0

s → Σ�−Σ�−,
B̄0
s → Ω−Ω−, B̄0

s → Ξ�−Ξ�−, B̄0
s → ΔþþΔþþ,

B̄0
s → ΔþΔþ, B̄0

s → Δ0Δ0 and B̄0
s → Δ−Δ− decays do

not have any tree (T 0
DD̄

) contribution [see Eqs. (A22),
(A23) and (A24)], and, consequently, their rates in
Table VIII have vanishing second uncertainties. The
B̄0 → Σ�−Δ−, B̄0 → Ξ�−Σ�−, B̄0 → Ω−Ξ�−,
B̄0
s → Σ�−Σ�−, B̄0

s → Ω−Ω− and B̄0
s → Ξ�−Ξ�− decays

are pure penguin modes, which only have P0
DD̄, P

0
EWDD̄

and PA0
DD̄ contributions, the B̄0

s → ΔþþΔþþ B̄0
s → ΔþΔþ

and B̄0
s → Δ0Δ0 decays are subleading modes, which only

have E0
DD̄ and P0

DD̄ contributions, while the B̄0
s → Δ−Δ−

decay is a pure penguin annihilation (PA0
DD̄) mode.

TABLE VIII. Same as Table I, but with ΔS ¼ −1, B̄q → DD̄ modes.

Mode Bð10−8Þ Mode Bð10−8Þ
B− → Σ�þΔþþ 21.48þ8.92þ5.53þ8.86

−7.65−0−7.15 � 0.007 B̄0 → Σ�þΔþ 6.63þ2.75þ1.71þ2.73
−2.36−0−2.21 � 0

B− → Σ�0Δþ 13.08þ5.63þ1.73þ5.32
−4.66−0−4.39 � 0.008 B̄0 → Σ�0Δ0 12.11þ5.21þ1.60þ4.93

−4.31−0−4.06 � 0

B− → Σ�−Δ0 6.06þ2.68
−2.16 � 0þ2.57

−2.12 � 0.005 B̄0 → Σ�−Δ− 16.83þ7.46
−5.99 � 0þ7.15

−5.88 � 0

B− → Ξ�0Σ�þ 24.26þ10.44þ3.21þ9.87
−8.64−0−8.13 � 0.01 B̄0 → Ξ�0Σ�0 11.23þ4.83þ1.49þ4.57

−4.00−0−3.77 � 0

B− → Ξ�−Σ�0 11.24þ4.98
−4.00 � 0þ4.77

−3.93 � 0.01 B̄0 → Ξ�−Σ�− 20.79þ9.21
−7.40 � 0þ8.83

−7.27 � 0

B− → Ω−Ξ�0 15.49þ6.86
−5.51 � 0þ6.57

−5.41 � 0.01 B̄0 → Ω−Ξ�− 14.32þ6.34
−5.10 � 0þ6.08

−5.01 � 0

B̄0
s → ΔþþΔþþ 0� 0� 0� 0þ0.02

−0 B̄0
s → Σ�þΣ�þ 6.49þ2.69þ1.67þ2.67þ0.77

−2.31−0−2.16−0.72

B̄0
s → ΔþΔþ 0� 0� 0� 0þ0.02

−0 B̄0
s → Σ�0Σ�0 5.93þ2.55þ0.79þ2.41þ0.74

−2.11−0−1.99−0.70

B̄0
s → Δ0Δ0 0� 0� 0� 0þ0.02

−0 B̄0
s → Σ�−Σ�− 5.48þ2.43

−1.95 � 0þ2.33þ0.72
−1.92−0.67

B̄0
s → Δ−Δ− 0� 0� 0� 0þ0.02

−0 B̄0
s → Ξ�0Ξ�0 21.92þ9.44þ2.90þ8.92þ1.36

−7.81−0−7.35−1.32

B̄0
s → Ω−Ω− 41.95þ18.58

−14.93 � 0þ17.81þ1.79
−14.67−1.75 B̄0

s → Ξ�−Ξ�− 20.29þ8.99
−7.22 � 0þ8.62þ1.30

−7.10−1.26
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The rates of some modes are related. Using formulas in
Appendixes A and B, we have [3]4

6BðB−→Σ�−Δ0Þ¼2BðB−→Ω−Ξ�0Þ¼3BðB−→Ξ�−Σ�0Þ;
2BðB−→Σ�0ΔþÞ¼BðB−→Ξ�0Σ�þÞ;
BðB̄0→Σ�0Δ0Þ¼BðB̄0→Ξ�0Σ�0Þ;

4BðB̄0→Σ�−Δ−Þ¼3BðB̄0→Ξ�−Σ�−Þ¼4BðB̄0→Ω−Ξ�−Þ;
ð22Þ

where these relations are subjected to SU(3) breaking from
the phase space factors. These relations do not relay on the
asymptotic relations. The rates in Table VIII roughly satisfy
the above relations and the agreement will be improved
when the SU(3) breaking effects are taken into account.
We have shown that B̄0 → pp̄ and B− → Λp̄ decays

have a better chance to be found experimentally. We have
identified several modes that can cascadely decay to all
charged final states with (relatively) unsuppressed rates.
They will be searchable in the near future. In particular, we

note that the predicted B− → pΔþþ rate is close to the
experimental bound, which has not been updated in the last
ten years [33]. Furthermore, the bounds on B− → Δ0p̄ and
B̄0 → Σ�þp̄ rates have not been updated in the last ten years

[33,34] and the bound on B̄0 → Δ0Δ0 rate was last given in
1989 [35], while their rates are predicted to be of the order
of 10−8. Also note that the B̄0

s → Ω−Ω− rate is predicted to
be the highest rate. It will also be interesting for Belle-II,
which will be turned on soon, to search for baryonic modes,
as there are many modes having unsuppressed rates but
require π0 or γ for detection. We pointed out several modes
without tree amplitudes. Some of them are pure penguin
modes. As we shall see in the next subsection, these will
affect their CP asymmetries. We summarize our sugges-
tions for experimental searches in Table IX. These modes
have (relatively) unsuppressed rates and better detectability.
Modes are arranged according to their quantum numbers,
detection and rates (in descending order) and they are
assigned into groups I, II and III accordingly, where group I
modes are modes that have unsuppressed rates and can
cascadely decay to all charged final states, group II modes
are modes that can be searched with π0 or γ and group III
modes are modes that can be searched with π0π0, π0γ or γγ.

TABLE IX. Modes with (relatively) unsuppressed rates and (relatively) good detectability are summarized.

Group I Group II Group III
All charged final states With single π0=γ With π0π0, π0γ or γγ

BB̄;ΔS ¼ 0 B̄0 → pp̄; B̄0 → Σ0Λ̄, B̄0
s → pΣþ; B̄0

s → Σ0Ξ0, B− → Σ0Σþ,
B̄0 → Σ0Σ0

BB̄;ΔS ¼ −1 B− → Λp̄, B̄0
s → Ξ−Ξ−; B− → Ξ−Σ0, B̄0 → Ξ0Λ̄; B− → Ξ0Σþ, B̄0

s → Ξ0Ξ0,
B̄0
s → ΛΛ̄, B− → Ξ−Λ̄; B̄0 → Σþp̄ B̄0 → Ξ0Σ0, B̄0

s → ΣþΣþ,
B̄0
s → Σ0Σ0

BD̄;ΔS ¼ 0 B− → pΔþþ, B̄0
s → pΣ�þ; B− → Σ0Σ�þ, B̄0

s → Σ0Ξ�0; B̄0 → Σ0Σ�0
B̄0 → pΔþ

BD̄;ΔS ¼ −1 B̄0 → Ξ−Σ�−; B− → ΣþΔþþ, B̄0 → Σ0Δ0; B− → Σ0Δþ, B̄0 → ΣþΔþ,
B̄0
s → ΣþΣ�þ, B− → Ξ0Σ�þ; B̄0

s → Σ0Σ�0, B̄0 → Ξ0Σ�0
B̄0
s → Ξ−Ξ�−, B̄0

s → Ξ0Ξ�0,
B− → Ξ−Σ�0

DB̄;ΔS ¼ 0 B− → Δ0p̄, B̄0
s → Δ0Λ̄; B̄0 → Δþp̄, B̄0 → Σ�0Λ̄; B̄0

s → Σ�0Ξ0, B̄0
s → ΔþΣþ,

B̄0
s → Δ0Σ0 B− → Σ�0Σþ

DB̄;ΔS ¼ −1 B̄0 → Ω−Ξ−, B̄0 → Ξ�0Λ̄; B− → Ω−Ξ0, B− → Ξ�−Λ̄; B̄0
s → Σ�0Σ0, B− → Ξ�−Σ0

B̄0 → Σ�þp̄ B̄0
s → Ξ�0Ξ0, B̄0

s → Σ�þΣþ,
B− → Ξ�0Σþ, B̄0

s → Ξ�−Ξ−,
B− → Σ�0p̄

DD̄;ΔS ¼ 0 B̄0 → Δ0Δ0, B̄0 → Σ�−Σ�−; B− → ΔþΔþþ, B− → Δ0Δþ; B̄0 → ΔþΔþ, B̄0 → Σ�0Σ�0
B̄0
s → ΔþΣ�þ, B− → Σ�0Σ�þ,

B̄0
s → Δ0Σ�0, B̄0

s → Σ�0Ξ�0,
B̄0
s → Σ�−Ξ�−, B̄0

s → Ξ�−Ω−

DD̄;ΔS ¼ −1 B̄0
s → Ω−Ω−, B− → Ξ�0Σ�þ; B̄0 → Ξ�−Σ�−, B̄0 → Ω−Ξ�−; B̄0

s → Ξ�−Ξ�−, B− → Σ�0Δþ,
B̄0
s → Ξ�0Ξ�0, B− → Σ�þΔþþ; B̄0 → Σ�0Δ0, B̄0 → Ξ�0Σ�0; B− → Ξ�−Σ�0, B̄0

s → Σ�0Σ�0
B− → Ω−Ξ�0, B̄0

s → Σ�þΣ�þ; B̄0 → Σ�þΔþ
B− → Σ�−Δ0, B̄0

s → Σ�−Σ�−

4A typo in the last relation is corrected.
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C. Numerical results on direct CP asymmetries

In this subsection, we will give results of direct CP
asymmetries of all modes and plot asymmetries of several
interesting modes. Note that this study becomes possible
as we now have the information of the tree-penguin
ratio, Eq. (15).

1. CP asymmetries of B̄q → BB̄ decays

In Table X we give results of direct CP asymmetries of
ΔS ¼ 0, B̄q → BB̄ modes. The central values are the
asymmetries generated from tree-penguin interference
where only the asymptotic amplitudes and Eq. (16) are
used. We show results for ϕ ¼ 0, �π=4 and �π=2. The
uncertainties are from relaxing the asymptotic relation by

using Eq. (11) and varying the strong phases of rð0Þt;i , r
ð0Þ
p;i,

rð0Þewp;i and from subleading terms Eq. (13) with strong
phases from ηi;j;k. Note that to satisfy the experimental
B̄0 → pp̄ and B− → Λp̄ rates, the sizes of jrð0Þj are reduced
by 60% in all B̄q → BB̄ modes.
Now we discuss the CP asymmetries of group I, II, III

modes, according to their rates and detectability as noted in
Table IX. For the group I mode, the CP asymmetry of the
B̄0 → pp̄ decay can be as large as∓ 49%. For the group II
modes, AðB̄0 → Σ0Λ̄Þ and AðB̄0

s → pΣþÞ are similar to
AðB̄0 → pp̄Þ. For the group III modes, the CP asymme-

tries of B− → Σ0Σþ and B̄0 → Σ0Σ0 decays are similar and

can reach ∓ 80%, while the CP asymmetry of the B̄0
s →

Σ0Ξ0 decay is smaller then these two modes, but can still
reach ∓ 58%. The CP asymmetries of these modes
basically all have the same sign when jϕj is large enough.
As noted in the previous subsection, B− → Σ−Σ0,

B− → Σ−Λ̄, B− → Ξ−Ξ0, B̄0 → Ξ−Ξ−, B̄0
s → Σ−Ξ− and

B̄0 → Σ−Σ− decays do not have any tree (TiBB̄) contribu-
tion. Although the B̄0 → Ξ−Ξ−, B̄0 → Σ−Σ− and B̄0

s →
Σ−Ξ− decays are pure penguins modes, which only have
PiBB̄, PiEWBB̄ and PABB̄ contributions, it is still possible
for these modes to have sizable CP asymmetries. Since
the sizes of u-penguin (Pu) and c-penguin (Pc) in
ΔS ¼ 0 modes are not very different, as their ratio can
be estimated as

����P
u

Pc

����≃
����VubV�

ud

VcbV�
cd

����≃ 0.38; ð23Þ

and they can have different strong phases to produce CP

asymmetries.5 For subleading modes, B̄0 → Ξ0Ξ0 and
B̄0 → ΣþΣþ decays, which only have EiBB̄ and PABB̄
contributions, their CP asymmetries can be any value.

Note that B− → ΛΣþ, B̄0
s → ΛΞ0, B̄0 → ΛΛ̄ and B̄0 →

ΛΣ0 decay with tree amplitudes TiBB̄ canceled in the
asymptotic limits, and have large uncertainties on CP
asymmetries, which mostly come from the corrections to
the asymptotic relations. Measuring CP asymmetries of
these modes can give information on the corrections to the
asymptotic relations.
In Table XI we give results of direct CP asymmetries of

ΔS ¼ −1, B̄q → BB̄ modes. The CP asymmetries of the
group I modes are as follows. The CP asymmetries of the
B− → Λp̄ and B̄0

s → ΛΛ̄ decays are similar reaching�13%
and �19%, respectively, and their signs are opposite to the
sign of AðB̄0 → pp̄Þ. The CP asymmetries of B̄0

s → Ξ−Ξ−

TABLE X. Direct CP asymmetries (A in %) of ΔS ¼ 0, B̄q → BB̄ modes for ϕ ¼ 0, �π=4 and �π=2. The uncertainties are from

varying the strong phases of rð0Þt;i , r
ð0Þ
p;i, r

ð0Þ
ewp;i and ηi;j;k [see Eqs. (11) and (13)].

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� 32.1 ∓ ð74.0þ19.7
−25.6Þ ∓ ð97.9þ2.1

−15.6Þ B̄0
s → pΣþ 0� 21.2 ∓ ð36.0þ21.2

−17.7Þ ∓ ð49.3þ20.2
−15.2 Þ

B− → Σ0Σþ 0� 31.2 ∓ ð59.3þ23.4
−27.2Þ ∓ ð79.5þ16.1

−22.4 Þ B̄0
s → nΣ0 0� 14.9 � ð26.7þ14.6

−13.8 Þ � ð38.8þ13.9
−12.8Þ

B− → Σ−Σ0 0� 54.6 0� 54.6 0� 54.6 B̄0
s → nΛ̄ 0� 31.0 ∓ ð71.6þ19.3

−25.4Þ ∓ ð94.9þ5.1
−16.3Þ

B− → Σ−Λ̄ 0� 35.7 0� 35.7 0� 35.7 B̄0
s → Σ0Ξ0 0� 15.4 ∓ ð42.8þ14.1

−13.9Þ ∓ ð58.3þ12.9
−12.6 Þ

B− → Ξ−Ξ0 0� 35.7 0� 35.7 0� 35.7 B̄0
s → Σ−Ξ− 0� 30.0 0� 30.0 0� 30.0

B− → ΛΣþ 0� 70.7 0� 70.7 0� 70.7 B̄0
s → ΛΞ0 0� 100 0� 100 0� 100

B̄0 → pp̄ 0� 26.9 ∓ ð36.0þ26.8
−22.0Þ ∓ ð49.3þ25.2

−18.3 Þ B̄0 → ΣþΣþ −100 ∼ 100 −100 ∼ 100 −100 ∼ 100

B̄0 → nn̄ 0� 31.6 ∓ ð59.3þ23.5
−27.9Þ ∓ ð79.5þ16.0

−23.2 Þ B̄0 → Σ0Σ0 0� 33.6 ∓ ð59.3þ24.8
−29.6Þ ∓ ð79.5þ16.7

−24.4 Þ
B̄0 → Ξ0Ξ0 −100 ∼ 100 −100 ∼ 100 −100 ∼ 100 B̄0 → Σ−Σ− 0� 47.1 0� 47.1 0� 47.1

B̄0 → Ξ−Ξ− 0� 32.1 0� 32.1 0� 32.1 B̄0 → Σ0Λ̄ 0� 13.3 ∓ ð36.0þ12.8
−12.1Þ ∓ ð49.3þ12.1

−11.2 Þ
B̄0 → ΛΛ̄ −100 ∼ 100 −100 ∼ 100 −100 ∼ 100 B̄0 → ΛΣ0 0� 70.7 0� 70.7 0� 70.7

5Similarly the sizable CP asymmetry of a pure penguin mode
AðB̄0 → K0K̄0Þ ¼ −16.7þ4.7þ4.5þ1.5þ4.6

−3.7−5.1−1.7−3.6 % as predicted in a QCD
factorization (QCDF) calculation [36] can be understood.
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and B− → Ξ−Λ̄ decays are vanishingly small. We will
return to these modes later. From the table we see that for

the group II modes, AðB− → Ξ−Σ0Þ is vanishingly small,
while AðB̄0 → Ξ0Λ̄Þ and AðB̄0 → Σþp̄Þ are similar and
can be as large as�35%. For the group III modes,AðB̄0

s →

ΣþΣþÞ is the largest one reaching �35%, AðB̄0
s → Ξ0Ξ0Þ

and AðB̄0
s → Σ0Σ0Þ are similar and can be as large as

�19%, while AðB− → Ξ0ΣþÞ and AðB̄0 → Ξ0Σ0Þ are
similar and are not sizable, but can reach �8%. Some of
the above modes have rates of orders 10−7 (see Table II)
and with unsuppressed CP asymmetries.
From Table XI, we see that the CP asymmetries of

B− → Σ−n̄, B− → Ξ−Σ0, B− → Ξ−Λ̄, B̄0 → Ξ−Σ−, B̄0
s →

Σ−Σ− and B̄0
s → Ξ−Ξ− decays have vanishing central

values as they do not have any tree (T 0
iBB̄

) contribution.

In particular, B̄0 → Ξ−Σ−, B̄0
s → Σ−Σ− and B̄0

s → Ξ−Ξ−

decays are pure penguin modes, which only have P0
iBB̄

,
P0
iEWBB̄

and PA0
BB̄

terms. Their CP asymmetries are small.
This can be understood as P0u is much smaller than P0c. We
can estimate the CP asymmetry as follows:

jAj≃ 2

����P
0u

P0c

���� sin γj sin δj≲ 2

����VubV�
us

VcbV�
cs

���� sin γ ≃ 3.8%; ð24Þ

where δ is the strong phase difference of the penguins.6 The
smallness of the direct CP reflects the fact that in ΔS ¼ −1
decays, the c-penguin is much larger than the u-penguin
as their CKM factors are off by about a factor of 50. They
can be tests of the Standard Model. In particular, the

B̄0
s → Ξ−Ξ− decay being a group I mode, can cascadely

decay to all charged final states and with unsuppressed rate
(∼2 × 10−7, see Table II). The CP asymmetry of this mode
can be searched for. Nevertheless the search is quite
demanding as it requires tagging of Bs and suffers from
low efficiency of Ξ− reconstruction. Subleading modes,
B̄0
s → pp̄ and B̄0

s → nn̄ decays with E0
iBB̄

and PA0
BB̄

contributions, can have any value on their CP asymmetries.
There are relations on direct CP asymmetries between

ΔS ¼ 0 and ΔS ¼ −1modes by using the so-calledU-spin
symmetry [37,38]. With

ΔCPðB̄q → fÞ≡ ΓðB̄q → fÞ − ΓðBq → f̄Þ

¼ 2

τðBqÞ
AðB̄q → fÞBðB̄q → fÞ; ð25Þ

we have [3]

ΔCPðB− → np̄Þ ¼ −ΔCPðB− → Ξ0ΣþÞ;
ΔCPðB− → Ξ−Ξ0Þ ¼ −ΔCPðB− → Σ−n̄Þ;

ΔCPðB̄0 → pp̄Þ ¼ −ΔCPðB̄0
s → ΣþΣþÞ;

ΔCPðB̄0 → nn̄Þ ¼ −ΔCPðB̄0
s → Ξ0Ξ0Þ;

ΔCPðB̄0 → ΣþΣþÞ ¼ −ΔCPðB̄0
s → pp̄Þ;

ΔCPðB̄0 → Σ−Σ−Þ ¼ −ΔCPðB̄0
s → Ξ−Ξ−Þ;

ΔCPðB̄0 → Ξ0Ξ0Þ ¼ −ΔCPðB̄0
s → nn̄Þ;

ΔCPðB̄0 → Ξ−Ξ−Þ ¼ −ΔCPðB̄0
s → Σ−Σ−Þ;

ΔCPðB̄0
s → pΣþÞ ¼ −ΔCPðB̄0 → Σþp̄Þ;

ΔCPðB̄0
s → Σ−Ξ−Þ ¼ −ΔCPðB̄0 → Ξ−Σ−Þ: ð26Þ

The minus signs in the above relations are from
ImðVubV�

udV
�
tbVtdÞ ¼ −ImðVubV�

usV�
tbVtsÞ. Note that these

TABLE XI. Same as Table X, but with ΔS ¼ −1, B̄q → BB̄ 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− → Σ0p̄ 0� 20.9 ∓ ð28.9þ22.1
−18.6 Þ ∓ ð45.0þ23.0

−16.7 Þ B̄0 → Σþp̄ 0� 16.4 �ð27.1þ16.6
−13.6 Þ �ð35.3þ15.5

−11.9 Þ
B− → Σ−n̄ 0� 1.8 0� 1.8 0� 1.8 B̄0 → Σ0n̄ 0� 29.0 �ð47.8þ23.8

−23.1 Þ �ð58.6þ19.5
−17.8 Þ

B− → Ξ0Σþ 0� 2.6 �ð5.8þ3.4
−2.3 Þ �ð8.1þ3.9

−2.8 Þ B̄0 → Ξ0Σ0 0� 2.3 �ð5.8þ3.0
−2.1Þ �ð8.1þ3.6

−2.5Þ
B− → Ξ−Σ0 0� 1.8 0� 1.8 0� 1.8 B̄0 → Ξ0Λ̄ 0� 24.5 �ð27.1þ28.3

−16.2 Þ �ð35.3þ27.2
−13.0 Þ

B− → Ξ−Λ̄ 0� 5.5 0� 5.5 0� 5.5 B̄0 → Ξ−Σ− 0� 1.5 0� 1.5 0� 1.5

B− → Λp̄ 0� 4.8 �ð9.6þ5.9
−4.0 Þ �ð13.2þ6.5

−4.3 Þ B̄0 → Λn̄ 0� 8.4 �ð18.7þ9.6
−6.9Þ �ð24.9þ9.8

−6.6Þ
B̄0
s → pp̄ −100 ∼ 100 −100 ∼ 100 −100 ∼ 100 B̄0

s → ΣþΣþ 0� 21.0 �ð27.1þ21.6
−16.7 Þ �ð35.3þ20.1

−14.1 Þ
B̄0
s → nn̄ −100 ∼ 100 −100 ∼ 100 −100 ∼ 100 B̄0

s → Σ0Σ0 0� 11.1 �ð14.2þ12.5
−8.9 Þ �ð19.2þ12.7

−8.2 Þ
B̄0
s → Ξ0Ξ0 0� 8.4 �ð14.2þ10.4

−6.5 Þ �ð19.2þ11.1
−6.3 Þ B̄0

s → Σ−Σ− 0� 1.6 0� 1.6 0� 1.6

B̄0
s → Ξ−Ξ− 0� 2.5 0� 2.5 0� 2.5 B̄0

s → Σ0Λ̄ 0� 46.4 �ð74.3þ21.7
−33.6 Þ �ð84.7þ13.8

−19.7 Þ
B̄0
s → ΛΛ̄ 0� 7.0 �ð14.2þ8.3

−5.7 Þ �ð19.2þ8.8
−5.6 Þ B̄0

s → ΛΣ0 0� 42.8 �ð74.3þ19.7
−33.2 Þ �ð84.7þ12.5

−20.9 Þ

6It is useful to compare to the CP asymmetry of the ΔS ¼ 1
pure penguin PP mode: AðB̄0

s → K0K̄0Þ ¼ 0.9þ0.2þ0.2þ0.1þ0.2
−0.2−0.2−0.2−0.3 %

in a QCDF calculation [36].
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relations do not rely on the large mB limit but are subjected
to corrections from SU(3) breaking in the phase space
factors and topological amplitudes. Some relations are
satisfied trivially as all the related CP asymmetries are
always vanishing. We can checked that the results shown in
Tables X and XI roughly satisfy these relations and the
agreement can be improved when SU(3) breaking effects
are taken into account.7 For example, using the first three
relations of the above equation and the corresponding rates
from Tables I and II, we have

AðB− → Ξ0ΣþÞ ¼ −AðB− → np̄Þ BðB− → np̄Þ
BðB− → Ξ0ΣþÞ

≃ −ð0.087ÞAðB− → np̄Þ;

AðB− → Ξ−Ξ0Þ ¼ −AðB− → Σ−n̄Þ BðB− → Σ−n̄Þ
BðB− → Ξ−Ξ0Þ

≃ −ð23.9ÞAðB− → Σ−n̄Þ:

AðB̄0
s → ΣþΣþÞ ¼ −AðB̄0 → pp̄Þ τðB

0
sÞ

τðB0Þ
BðB̄0 → pp̄Þ

BðB̄0
s → ΣþΣþÞ

≃ −ð0.8ÞAðB̄0 → pp̄Þ; ð27Þ

which are roughly satisfied compared to results of the CP
asymmetries in Tables X and XI. Note that the rate ratios in
the above relations are not fixed. For example, they can
change with ϕ. The values of the rate ratios used are just
rough estimations using the center values of rates in
Tables I and II.

Some of these relations are useful for constraining the
sizes of CP asymmetries of the ΔS ¼ −1 pure penguin
modes model independently. From the sixth, eighth and
tenth relations we have

jAðB̄0
s →Ξ−Ξ−Þj ¼ jAðB̄0→Σ−Σ−ÞjτðB

0
sÞ

τðB0Þ
BðB̄0→Σ−Σ−Þ
BðB̄0

s →Ξ−Ξ−Þ

≤
τðB0

sÞ
τðB0Þ

BðB̄0 →Σ−Σ−Þ
BðB̄0

s →Ξ−Ξ−Þ≃6.5%;

jAðB̄0
s →Σ−Σ−Þj ¼ jAðB̄0→Ξ−Ξ−ÞjτðB

0
sÞ

τðB0Þ
BðB̄0→Ξ−Ξ−Þ
BðB̄0

s →Σ−Σ−Þ

≤
τðB0

sÞ
τðB0Þ

BðB̄0 →Ξ−Ξ−Þ
BðB̄0

s →Σ−Σ−Þ≃4.6%;

jAðB̄0 →Ξ−Σ−Þj ¼ jAðB̄0
s →Σ−Ξ−ÞjτðB

0Þ
τðB0

sÞ
BðB̄0

s →Σ−Ξ−Þ
BðB̄0→Ξ−Σ−Þ

≤
τðB0Þ
τðB0

sÞ
BðB̄0

s →Σ−Ξ−Þ
BðB̄0 →Ξ−Σ−Þ≃5.0%: ð28Þ

We see from Table XI that the above inequalities are all
satisfied. Note that the constraining powers of these
inequalities are similar to the one in Eq. (24).

2. CP asymmetries of B̄q → BD decays

In Table XII we give results of direct CP asymmetries of
ΔS ¼ 0, B̄q → BD modes. The CP asymmetries of group I

modes, B− → pΔþþ and B̄0
s → pΣ�þ decays, are similar

and can be as large as ∓ 49%. For group II modes,

AðB− → Σ0Σ�þÞ and AðB̄0
s → Σ0Ξ�0Þ are similar and

can be as large as ∓ 29%, while AðB̄0 → pΔþÞ is more
sizable and is similar to the CP asymmetries of B− →
pΔþþ and B̄0

s → pΣ�þ decays, reaching ∓ 49%. The CP

asymmetry of the group III mode, AðB̄0 → Σ0Σ�0Þ, is

TABLE XII. Same as Table X, but with ΔS ¼ 0, 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� 48.7 ∓ ð36.0þ49.3
−33.9 Þ ∓ ð49.3þ44.8

−22.0Þ B̄0
s → pΣ�þ 0� 47.9 ∓ ð36.0þ48.6

−33.4Þ ∓ ð49.3þ44.3
−21.9 Þ

B− → nΔþ 0� 19.9 �ð26.7þ20.5
−17.3Þ �ð38.8þ20.1

−15.2 Þ B̄0
s → nΣ�0 0� 19.6 �ð26.7þ20.1

−17.1 Þ �ð38.8þ19.7
−15.0Þ

B− → Σ0Σ�þ 0� 11.5 ∓ ð20.8þ12.4
−9.9 Þ ∓ ð28.9þ12.5

−9.0 Þ B̄0
s → Σ0Ξ�0 0� 11.4 ∓ ð20.8þ12.3

−9.8 Þ ∓ ð28.9þ12.4
−8.9 Þ

B− → Σ−Σ�0 0� 35.7 0� 35.7 0� 35.7 B̄0
s → Σ−Ξ�− 0� 29.9 0� 29.9 0� 29.9

B− → Ξ−Ξ�0 0� 35.7 0� 35.7 0� 35.7 B̄0
s → Ξ−Ω− 0� 29.9 0� 29.9 0� 29.9

B− → ΛΣ�þ 0� 100 0� 100 0� 100 B̄0
s → ΛΞ�0 0� 100 0� 100 0� 100

B̄0 → pΔþ 0� 48.7 ∓ ð36.0þ49.3
−33.9 Þ ∓ ð49.4þ44.8

−22.0Þ B̄0 → ΣþΣ�þ 0 0 0

B̄0 → nΔ0 0� 19.9 �ð26.7þ20.5
−17.3Þ �ð38.8þ20.1

−15.2 Þ B̄0 → Σ0Σ�0 0� 11.5 ∓ ð20.8þ12.4
−9.9 Þ ∓ ð28.9þ12.5

−9.0 Þ
B̄0 → Ξ0Ξ�0 0 0 0 B̄0 → Σ−Σ�− 0� 29.9 0� 29.9 0� 29.9

B̄0 → Ξ−Ξ�− 0� 29.9 0� 29.9 0� 29.9 B̄0 → ΛΣ�0 0� 100 0� 100 0� 100

7Note that the values and signs of ΔCPðB̄0 → ΣþΣþÞ,
ΔCPðB̄0 → Ξ0Ξ0Þ, ΔCPðB̄0

s → pp̄Þ and ΔCPðB̄0
s → nn̄Þ cannot

be read out from the tables. The relative signs of modes in the
sixth, eighth and tenth relations cannot be read out from the
tables.
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similar to AðB− → Σ0Σ�þÞ and AðB̄0
s → Σ0Ξ�0Þ, reaching

∓ 29%. The CP asymmetries of these modes basically all
share the sign of AðB̄0 → pp̄Þ for large enough jϕj.
From Eqs. (A7), (A8) and (A9), we can easily identify

the following relations:

AðB− → Ξ−Ξ�0Þ ¼ AðB− → Σ−Σ�0Þ;
AðB̄0 → Σ−Σ�−Þ ¼ AðB̄0 → Ξ−Ξ�−Þ ¼ AðB̄0

s → Σ−Ξ�−Þ
¼ AðB̄0

s → Ξ−Ω−Þ;
AðB̄0 → ΣþΣ�þÞ ¼ AðB̄0 → Ξ0Ξ�0Þ ¼ 0: ð29Þ

We see from Table XII that these relations are satisfied.
Note that these relations do not rely on the asymptotic limit,
while the first relation is subjected to corrections from
SU(3) breaking in the topological amplitudes.
As shown in Table XII, the CP asymmetries of

B− → Σ−Σ�0, B− → Ξ−Ξ�0, B̄0
s → Σ−Ξ�−, B̄0 → Ξ−Ξ�−,

B̄0 → Σ−Σ�−, B̄0
s → Ξ−Ω−, B̄0 → ΣþΣ�þ and B̄0 →

Ξ0Ξ�0 decays have vanishing central values, as they do
not have any tree (TiBD̄) contribution. In particular, B̄0 →
Ξ−Ξ�− and B̄0 → Σ−Σ�− decays are ΔS ¼ 0 pure penguin
modes with only PBD and PiEWBD̄ contributions, while

B̄0 → ΣþΣ�þ and B̄0 → Ξ0Ξ�0 decays are pure exchange
modes with only EBD contributions. The CP asymmetries
of the former two modes need not be vanishing [see
discussion around Eq. (23)], while the CP asymmetries
of the latter two modes are always vanishing. Note that

although B− → ΛΣ�þ, B̄0
s → ΛΞ�0 and B̄0 → ΛΣ�0 decays

have vanishing tree contributions in the asymptotic limit,
resulting in their CP asymmetries having vanishing center
values, their uncertainties, mostly from corrections to the
asymptotic relations, are sizable, however. Measuring the
CP asymmetries of these modes can give information on
the breaking of the asymptotic relations.

In Table XIII we give results of directCP asymmetries of
ΔS ¼ −1, B̄q → BD modes. The CP asymmetry of the
group I mode B̄0 → Ξ−Σ�− is vanishing. We will return to
this later. For group II modes, AðB− → ΣþΔþþÞ and
AðB̄0

s → ΣþΣ�þÞ are similar reaching �35%, AðB− →

Ξ0Σ�þÞ and AðB̄0
s → Ξ0Ξ�0Þ are similar and sizable reach-

ing ∓ 45%, but with sign opposite to most modes in

Table XIII, AðB̄0 → Σ0Δ0Þ can reach �19%, while

AðB̄0
s → Ξ−Ξ�−Þ and AðB− → Ξ−Σ�0Þ are vanishingly

small. In the group III modes, AðB̄0 → Ξ0Σ�0Þ is the
largest one reaching ∓ 45% and is similar to AðB− →

Ξ0Σ�þÞ and AðB̄0
s → Ξ0Ξ�0Þ, AðB̄0 → ΣþΔþÞ can be as

large as�35%, whileAðB−→Σ0ΔþÞ andAðB̄0
s → Σ0Σ�0Þ

are similar and can be as large as �19%. Note that for
large enough jϕj most modes in the table have signs
basically equal to the sign of AðB− → Λp̄Þ.
From Eqs. (A10), (A11) and (A12), we can easily

identify the following relations:

AðB− → Ξ−Σ�0Þ ¼ AðB− → Σ−Δ0Þ;
AðB̄0

s → Σ−Σ�−Þ ¼ AðB̄0
s → Ξ−Ξ�−Þ ¼ AðB̄0 → Ξ−Σ�−Þ

¼ AðB̄0 → Σ−Δ−Þ;
AðB̄0

s → pΔþÞ ¼ AðB̄0
s → nΔ0Þ ¼ 0: ð30Þ

We see from Table XIII that these relations are satisfied.
Note that these relations do not relay on the asymptotic
limit but are subjected to SU(3) breaking in the topological
amplitudes.
As shown in Table XIII, the CP asymmetries of

B− → Σ−Δ0, B− → Ξ−Σ�0, B̄0 → Σ−Δ−, B̄0 → Ξ−Σ�−,
B̄0
s → Σ−Σ�−, B̄0

s → Ξ−Ξ�−, B̄0
s → pΔþ and B̄0

s → nΔ0

decays have vanishing central values, as they do not have
any tree (T 0

iBD
) contribution. In particular, B̄0 → Σ−Δ−,

TABLE XIII. Same as Table X, but with ΔS ¼ −1, 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− → ΣþΔþþ 0� 30.3 �ð27.1þ29.0
−25.9Þ �ð35.3þ26.4

−21.8Þ B̄0 → ΣþΔþ 0� 30.1 �ð27.1þ28.8
−25.7Þ �ð35.3þ26.2

−21.6Þ
B− → Σ0Δþ 0� 16.1 �ð14.2þ17.1

−13.7Þ �ð19.2þ16.9
−12.6Þ B̄0 → Σ0Δ0 0� 15.8 �ð14.2þ16.8

−13.5Þ �ð19.2þ16.6
−12.3Þ

B− → Σ−Δ0 0� 1.8 0� 1.8 0� 1.8 B̄0 → Σ−Δ− 0� 1.5 0� 1.5 0� 1.5

B− → Ξ0Σ�þ 0� 21.3 ∓ ð28.9þ22.9
−18.5 Þ ∓ ð45.0þ24.0

−16.3 Þ B̄0 → Ξ0Σ�0 0� 21.0 ∓ ð28.9þ22.6
−18.2 Þ ∓ ð45.0þ23.7

−16.0 Þ
B− → Ξ−Σ�0 0� 1.8 0� 1.8 0� 1.8 B̄0 → Ξ−Σ�− 0� 1.5 0� 1.5 0� 1.5

B− → ΛΔþ 0� 52.9 �ð74.3þ22.9
−41.7Þ �ð84.7þ14.4

−25.1Þ B̄0 → ΛΔ0 0� 52.9 �ð74.3þ22.9
−41.7Þ �ð84.7þ14.4

−25.1Þ
B̄0
s → pΔþ 0 0 0 B̄0

s → ΣþΣ�þ 0� 30.3 �ð27.1þ29.0
−25.9Þ �ð35.3þ26.4

−21.8Þ
B̄0
s → nΔ0 0 0 0 B̄0

s → Σ0Σ�0 0� 16.0 �ð14.2þ17.0
−13.6Þ �ð19.2þ16.7

−12.4Þ
B̄0
s → Ξ0Ξ�0 0� 21.3 ∓ ð28.9þ22.9

−18.5 Þ ∓ ð45.0þ24.0
−16.3 Þ B̄0

s → Σ−Σ�− 0� 1.5 0� 1.5 0� 1.5

B̄0
s → Ξ−Ξ�− 0� 1.5 0� 1.5 0� 1.5 B̄0

s → ΛΣ�0 0� 53.6 �ð74.3þ23.1
−42.3Þ �ð84.7þ14.5

−25.4Þ
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B̄0 → Ξ−Σ�−, B̄0
s → Σ−Σ�− and B̄0

s → Ξ−Ξ�− decays are
pure penguinmodeswith onlyP0

BD
andP0

iEWBD̄
contributions,

while B̄0
s → pΔþ and B̄0

s → nΔ0 are pure exchange modes
with only E0

BD
contributions. The CP asymmetries of the

ΔS ¼ −1 pure penguin modes are small [see Eq. (24)], while
the CP asymmetries of pure exchange modes are always
vanishing. These can be tests of the Standard Model. In

particular, the B̄0 → Ξ−Σ�− decay can cascadely decay to
all charged final states and have unsuppressed decay rate
(see Table IV), but may suffer from low reconstruction
efficiencies of the final state particles. Nevertheless, it is still
interesting to search for this mode and its CP asymmetry.
The U-spin relations for octet-antidecuplet modes are

given by [3]

ΔCPðB− → nΔþÞ ¼ −ΔCPðB− → Ξ0Σ�þÞ;
ΔCPðB− → Ξ−Ξ�0Þ ¼ 2ΔCPðB− → Σ−Σ�0Þ ¼ −2ΔCPðB− → Ξ−Σ�0Þ ¼ −ΔCPðB− → Σ−Δ0Þ;
ΔCPðB− → pΔþþÞ ¼ −ΔCPðB− → ΣþΔþþÞ;
ΔCPðB̄0 → nΔ0Þ ¼ −ΔCPðB̄0

s → Ξ0Ξ�0Þ;
3ΔCPðB̄0 → Σ−Σ�−Þ ¼ 3ΔCPðB̄0 → Ξ−Ξ�−Þ ¼ 3ΔCPðB̄0

s → Σ−Ξ�−Þ ¼ ΔCPðB̄0
s → Ξ−Ω−Þ ¼ −3ΔCPðB̄0

s → Σ−Σ�−Þ
¼ −3ΔCPðB̄0

s → Ξ−Ξ�−Þ ¼ −3ΔCPðB̄0 → Ξ−Σ�−Þ ¼ −ΔCPðB̄0 → Σ−Δ−Þ;
ΔCPðB̄0 → ΣþΣ�þÞ ¼ ΔCPðB̄0 → Ξ0Ξ�0Þ ¼ −ΔCPðB̄0

s → pΔþÞ ¼ −ΔCPðB̄0
s → nΔ0Þ ¼ 0;

ΔCPðB̄0 → pΔþÞ ¼ −ΔCPðB̄0
s → ΣþΣ�þÞ;

ΔCPðB̄0
s → nΣ�0Þ ¼ −ΔCPðB̄0 → Ξ0Σ�0Þ

ΔCPðB̄0
s → pΣ�þÞ ¼ −ΔCPðB̄0 → ΣþΔþÞ: ð31Þ

These relations are subjected to corrections from SU(3)
breaking in the jpcmj3 factors and topological amplitudes.
The above relations are roughly satisfied by the results
shown in Tables XII and XIII and the agreement can be
improved when SU(3) breaking effects are taken into
account. One can make a quick but nontrivial check on
the relative signs of these asymmetries and see that they are
indeed in agreement with the above relations.8 Note that
several vanishing CP asymmetries as discussed previously
are related to each other. The fifth relation can be used to
constrain the sizes of CP asymmetries of ΔS ¼ −1 pure
penguin modes model independently. For example, from
the relation we can have

jAðB̄0 → Ξ−Σ�−Þj

¼ 1

3
jAðB̄0

s → Ξ−Ω−Þj τðB
0Þ

τðB0
sÞ

BðB̄0
s → Ξ−Ω−Þ

BðB̄0 → Ξ−Σ�−Þ

≤
1

3

τðB0Þ
τðB0

sÞ
BðB̄0

s → Ξ−Ω−Þ
BðB̄0 → Ξ−Σ�−Þ≃ 4.1%;

ð32Þ

which is satisfied byAðB̄0 → Ξ−Σ�−Þ shown in Table XIII.
Note that the above inequalities are generic and can be

tested experimentally as the quantities on the both sides are
measurable.

3. CP asymmetries of B̄q → DB̄ decays

In Table XIV we give results of directCP asymmetries of
ΔS ¼ 0, B̄q → DB̄ modes. The CP asymmetries of two
group I modes, B− → Δ0p̄ and B̄0

s → Δ0Λ̄ decays, are
opposite in signs, while the former can reach �39% and is
more sizable than the latter. For group II modes, AðB̄0 →
Δþp̄Þ and AðB̄0 → Σ�0Λ̄Þ are similar reaching ∓ 49%,

while AðB̄0
s → Δ0Σ0Þ can be as large as∓ 80%. For group

III modes, AðB̄0
s → Σ�0Ξ0Þ and AðB̄0

s → ΔþΣþÞ can reach
∓ 29% and ∓ 49%, respectively, and have the same sign,
while AðB− → Σ�0ΣþÞ can be as large as �39%, but with
sign opposites to the other two.
From Eqs. (A13), (A14) and (A15), we can easily

identify the following relations:

AðB− → Δ0p̄Þ ¼ AðB− → Σ�0ΣþÞ;
AðB− → Δ−n̄Þ ¼ AðB− → Ξ�−Ξ0Þ ¼ AðB− → Σ�−Σ0Þ

¼ AðB− → Σ�−Λ̄Þ;
AðB̄0 → Σ�−Σ−Þ ¼ AðB̄0 → Ξ�−Ξ−Þ ¼ AðB̄0

s → Δ−Σ−Þ
¼ AðB̄0

s → Σ�−Ξ−Þ;
AðB̄0 → Σ�þΣþÞ ¼ AðB̄0 → Ξ�0Ξ0Þ ¼ 0: ð33Þ

8Note that for the second relation, the CP asymmetries of these
modes all have vanishing central values; their relative signs
cannot be read out from Tables XII and XIII.
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We see from Table XIV that these relations are satisfied.
Note that these relations do not rely on the asymptotic limit
but are subjected to SU(3) breaking in the topological
amplitudes.
Note that the central values of the CP asymmetries of

B− → Δ−n̄, B− → Σ�−Σ0, B− → Ξ�−Ξ0, B− → Σ�−Λ̄,
B̄0 → Ξ�−Ξ−, B̄0

s → Δ−Σ−, B̄0
s → Σ�−Ξ−, B̄0 → Σ�−Σ−,

B̄0 → Ξ�0Ξ0 and B̄0 → Σ�þΣþ decays are vanishing, as
they do not have any tree (TiDB̄) contribution. The
B̄0 → Ξ�−Ξ−, B̄0

s → Δ−Σ−, B̄0
s → Σ�−Ξ− and B̄0 →

Σ�−Σ− decays are pure penguin modes, which only have

PDB̄ and PiEWDB̄ contributions, while B̄0 → Ξ�0Ξ0 and
B̄0 → Σ�þΣþ decays are pure exchange (EDB̄) modes, the
CP asymmetries of the ΔS ¼ 0 pure penguin modes need
not be vanishing [see Eq. (23)], while the CP asymmetries
of the pure exchange modes are always vanishing.

In Table XV we give results of direct CP asymmetries of
ΔS ¼ −1, B̄q → DB̄ modes. In the group I modes,

AðB̄0 → Ξ�0Λ̄Þ andAðB̄0 → Σ�þp̄Þ are similar and sizable
reaching �35%, while AðB̄0 → Ω−Ξ−Þ is vanishing and
will be discussed later. For group II modes,

AðB̄0
s → Ξ�0Ξ0Þ, AðB̄0

s → Σ�þΣþÞ, AðB− → Ξ�0ΣþÞ and
AðB− → Σ�0p̄Þ are sizable reaching�59%,�35%,∓ 45%

and ∓ 45%, respectively, and the signs of the first two
asymmetries are opposite to the last two, while

AðB− → Ω−Ξ0Þ, AðB− → Ξ�−Λ̄Þ and AðB̄0
s → Ξ�−Ξ−Þ

are vanishingly small and will be discussed later. For the

group III modes,AðB̄0
s → Σ�0Σ0Þ can be as large as�19%,

but AðB− → Ξ�−Σ0Þ is highly suppressed.
From Eqs. (A10), (A11) and (A12), we can easily

identify the following relations:

TABLE XIV. Same as Table X, but with ΔS ¼ 0, 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� 18.5 �ð26.7þ19.1
−16.0Þ �ð38.8þ18.7

−14.0 Þ B̄0
s → ΔþΣþ 0� 19.0 ∓ ð36.0þ18.8

−16.2Þ ∓ ð49.3þ17.9
−14.2 Þ

B− → Δ−n̄ 0� 35.7 0� 35.7 0� 35.7 B̄0
s → Δ0Σ0 0� 30.9 ∓ ð59.3þ23.6

−25.6Þ ∓ ð79.5þ16.2
−19.3 Þ

B− → Σ�0Σþ 0� 18.5 �ð26.7þ19.1
−16.0Þ �ð38.8þ18.7

−14.0 Þ B̄0
s → Δ−Σ− 0� 29.9 0� 29.9 0� 29.9

B− → Σ�−Σ0 0� 35.7 0� 35.7 0� 35.7 B̄0
s → Σ�0Ξ0 0� 11.0 ∓ ð20.8þ11.8

−9.5 Þ ∓ ð28.9þ12.0
−8.6 Þ

B− → Ξ�−Ξ0 0� 35.7 0� 35.7 0� 35.7 B̄0
s → Σ�−Ξ− 0� 29.9 0� 29.9 0� 29.9

B− → Σ�−Λ̄ 0� 35.7 0� 35.7 0� 35.7 B̄0
s → Δ0Λ̄ 0� 2.3 ∓ ð4.4þ2.6

−2.0 Þ ∓ ð6.2þ2.7
−1.9Þ

B̄0 → Δþp̄ 0� 19.4 ∓ ð36.0þ19.3
−16.5 Þ ∓ ð49.3þ18.3

−14.4Þ B̄0 → Σ�þΣþ 0 0 0

B̄0 → Δ0n̄ 0� 11.1 ∓ ð20.8þ12.0
−9.6 Þ ∓ ð28.9þ12.1

−8.7 Þ B̄0 → Σ�0Σ0 0� 18.5 �ð26.7þ19.1
−16.0 Þ �ð38.8þ18.7

−14.0Þ
B̄0 → Ξ�0Ξ0 0 0 0 B̄0 → Σ�−Σ− 0� 29.9 0� 29.9 0� 29.9

B̄0 → Ξ�−Ξ− 0� 29.9 0� 29.9 0� 29.9 B̄0 → Σ�0Λ̄ 0� 19.4 ∓ ð36.0þ19.3
−16.5Þ ∓ ð49.3þ18.3

−14.4 Þ

TABLE XV. Same as Table X, but with ΔS ¼ −1, 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− → Σ�0p̄ 0� 19.4 ∓ ð28.9þ20.6
−17.2Þ ∓ ð45.0þ21.5

−15.4Þ B̄0 → Σ�þp̄ 0� 14.8 �ð27.1þ15.2
−12.3Þ �ð35.3þ14.2

−10.8Þ
B− → Σ�−n̄ 0� 1.8 0� 1.8 0� 1.8 B̄0 → Σ�0n̄ 0� 26.4 �ð47.8þ22.0

−20.8Þ �ð58.6þ18.1
−16.1Þ

B− → Ξ�0Σþ 0� 19.4 ∓ ð28.9þ20.6
−17.2Þ ∓ ð45.0þ21.5

−15.4Þ B̄0 → Ξ�0Σ0 0� 19.2 ∓ ð28.9þ20.4
−16.9 Þ ∓ ð45.0þ21.3

−15.2 Þ
B− → Ξ�−Σ0 0� 1.8 0� 1.8 0� 1.8 B̄0 → Ξ�−Σ− 0� 1.5 0� 1.5 0� 1.5

B− → Ω−Ξ0 0� 1.8 0� 1.8 0� 1.8 B̄0 → Ω−Ξ− 0� 1.5 0� 1.5 0� 1.5

B− → Ξ�−Λ̄ 0� 1.8 0� 1.8 0� 1.8 B̄0 → Ξ�0Λ̄ 0� 14.8 �ð27.1þ15.2
−12.3Þ �ð35.3þ14.2

−10.8Þ
B̄0
s → Δþp̄ 0 0 0 B̄0

s → Σ�þΣþ 0� 15.1 �ð27.1þ15.5
−12.5Þ �ð35.3þ14.5

−11.0Þ
B̄0
s → Δ0n̄ 0 0 0 B̄0

s → Σ�0Σ0 0� 7.9 �ð14.2þ8.8
−6.7 Þ �ð19.2þ9.0

−6.5 Þ
B̄0
s → Ξ�0Ξ0 0� 26.7 �ð47.8þ22.1

−21.0 Þ �ð58.6þ18.2
−16.2 Þ B̄0

s → Σ�−Σ− 0� 1.5 0� 1.5 0� 1.5

B̄0
s → Ξ�−Ξ− 0� 1.5 0� 1.5 0� 1.5 B̄0

s → Σ�0Λ̄ 0� 41.6 �ð74.3þ20.0
−29.8Þ �ð84.7þ12.8

−17.9Þ
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AðB− → Σ�0p̄Þ ¼ AðB− → Ξ�0ΣþÞ;
AðB− → Σ�−n̄Þ ¼ AðB− → Ξ�−Σ0Þ ¼ AðB− → Ω−Ξ0Þ

¼ AðB− → Ξ�−Λ̄Þ;
AðB̄0

s → Σ�−Σ−Þ ¼ AðB̄0
s → Ξ�−Ξ−Þ ¼ AðB̄0 → Ξ�−Σ−Þ

¼ AðB̄0 → Ω−Ξ−Þ;
AðB̄0

s → Δþp̄Þ ¼ AðB̄0
s → Δ0n̄Þ ¼ 0: ð34Þ

We see from Table XV that these relations are satisfied.
Note that these relations do not rely on the asymptotic limit
but are subjected to SU(3) breaking in the topological
amplitudes.
The central values of CP asymmetries of B− → Σ�−n̄,

B− → Ξ�−Σ0, B− → Ω−Ξ0, B− → Ξ�−Λ̄, B̄0 → Ω−Ξ−,
B̄0
s → Σ�−Σ−, B̄0 → Ξ�−Σ−, B̄0

s → Ξ�−Ξ−, B̄0
s → Δþp̄

and B̄0
s → Δ0n̄ decays are vanishing, as they do not

have any tree (T 0
iDB̄

) contribution. Since B̄0 → Ω−Ξ−,

B̄0
s → Σ�−Σ−, B̄0 → Ξ�−Σ− and B̄0

s → Ξ�−Ξ− decays are
pure penguin modes, which only have P0

DB̄
and P0

iEWDB̄
contributions, while B̄0

s → Δþp̄ and B̄0
s → Δ0n̄ decays are

pure exchange (E0
DB̄

) modes, the CP asymmetries of the
ΔS ¼ −1 pure penguin modes are small [see Eq. (24)],
while the CP asymmetries of the pure exchange modes are
always vanishing. These can be tests of the Standard model.
In particular, B̄0 → Ω−Ξ− and B̄0

s → Ξ�−Ξ− belonging to
group I and II modes, respectively, have decay rates that are
unsuppressed (see Table VI). These modes should be
searched for, but the latter mode requires Bs tagging to
search for its CP asymmetry.
The U-spin relations for decuplet-antioctet modes are

given by [3]

ΔCPðB− → Δ0p̄Þ ¼ 2ΔCPðB− → Σ�0ΣþÞ ¼ −2ΔCPðB− → Σ�0p̄Þ ¼ −ΔCPðB− → Ξ�0ΣþÞ;
ΔCPðB− → Δ−n̄Þ ¼ 3ΔCPðB− → Ξ�−Ξ0Þ ¼ 6ΔCPðB− → Σ�−Σ0Þ ¼ 2ΔCPðB− → Σ�−Λ̄Þ ¼ −3ΔCPðB− → Σ�−n̄Þ

¼ −6ΔCPðB− → Ξ�−Σ0Þ ¼ −ΔCPðB− → Ω−Ξ0Þ ¼ −2ΔCPðB− → Ξ�−Λ̄Þ;
ΔCPðB̄0 → Δþp̄Þ ¼ −ΔCPðB̄0

s → Σ�þΣþÞ;
3ΔCPðB̄0 → Σ�−Σ−Þ ¼ 3ΔCPðB̄0 → Ξ�−Ξ−Þ ¼ ΔCPðB̄0

s → Δ−Σ−Þ ¼ 3ΔCPðB̄0
s → Σ�−Ξ−Þ ¼ −3ΔCPðB̄0

s → Σ�−Σ−Þ
¼ −3ΔCPðB̄0

s → Ξ�−Ξ−Þ ¼ −3ΔCPðB̄0 → Ξ�−Σ−Þ ¼ −ΔCPðB̄0 → Ω−Ξ−Þ;
ΔCPðB̄0 → Σ�þΣþÞ ¼ ΔCPðB̄0 → Ξ�0Ξ0Þ ¼ −ΔCPðB̄0

s → Δþp̄Þ ¼ −ΔCPðB̄0
s → Δ0n̄Þ ¼ 0;

ΔCPðB̄0 → Δ0n̄Þ ¼ −ΔCPðB̄0
s → Ξ�0Ξ0Þ;

ΔCPðB̄0
s → ΔþΣþÞ ¼ −ΔCPðB̄0 → Σ�þp̄Þ;

ΔCPðB̄0
s → Σ�0Ξ0Þ ¼ −ΔCPðB̄0 → Σ�0n̄Þ: ð35Þ

These relations are subjected to corrections from SU(3)
breaking in jpcmj2 and topological amplitudes. They are
roughly satisfied by the results shown in Tables XIV and
XV and the agreement can be improved when SU(3)
breaking effects are taken into account. One can make a
quick but nontrivial check on the relative signs of these
asymmetries and see that they are indeed agreed with the
above relations.9 The forth relation can be used to constrain
the size of CP asymmetries of ΔS ¼ −1 pure penguin
modes model independently. For example, we can have

jAðB̄0 → Ω−Ξ−Þj

¼ 3jAðB̄0
s → Σ�−Ξ−Þj τðB

0Þ
τðB0

sÞ
BðB̄0

s → Σ�−Ξ−Þ
BðB̄0 → Ω−Ξ−Þ

≤ 3
τðB0Þ
τðB0

sÞ
BðB̄0

s → Σ�−Ξ−Þ
BðB̄0 → Ω−Ξ−Þ ≃ 6.1%; ð36Þ

which is satisfied by the result shown in Table XV. Note
that the two modes in the above inequality have final states
that can cascadely decay to all charged particles. The
inequality is generic and can be verified experimentally.

4. CP asymmetries of B̄q → DD̄ decays

In Table XVI, we give results of direct CP asymmetries

of ΔS ¼ 0, B̄q → DD̄ modes. For group I modes, AðB̄0 →

Δ0Δ0Þ is sizable and can reach ∓ 80%, but AðB̄0 →
Σ�−Σ�−Þ is vanishing and will be discussed later. For
group II modes, AðB− → Δ0ΔþÞ, AðB− → Σ�0Σ�þÞ,
AðB̄0

s → Δ0Σ�0Þ, AðB̄0
s → Σ�0Ξ�0Þ and AðB̄0 → Σ�0Σ�0Þ

are similar and sizable, reaching ∓ 80%, AðB− →
ΔþΔþþÞ and AðB̄0

s → ΔþΣ�þÞ are similar and sizable,
reaching ∓ 49%, but AðB̄0

s → Σ�−Ξ�−Þ and AðB̄0
s →

Ξ�−Ω−Þ are vanishing and will be discussed later. The
group III mode, the B̄0 → ΔþΔþ decay, has sizable CP
asymmetry, reaching ∓ 49%. Most of these CP asymme-
tries basically share the sign of AðB̄0 → pp̄Þ.

9Note that for the second and fourth relations, the CP
asymmetries of these modes all have vanishing central values;
their relative signs cannot be read out from Tables XIV and XV.
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From Eqs. (A19), (A20) and (A21), we can easily
identify the following relations:

AðB−→Δ−Δ0Þ¼AðB− →Σ�−Σ�0Þ¼AðB− →Ξ�−Ξ�0Þ;
AðB−→Δ0ΔþÞ¼AðB− →Σ�0Σ�þÞ;
AðB0

s →Δ0Σ�0Þ¼AðB0
s →Σ�0Ξ�0Þ;

AðB0
s →Δ−Σ�−Þ¼AðB0

s →Ξ�−Ω−Þ¼AðB0
s →Σ�−Ξ�−Þ:

ð37Þ

We see from Table XVI that these relations are satisfied.
These relations do not rely on the asymptotic limit and are
not corrected from the phase space ratio but are subjected to
SU(3) breaking in the topological amplitudes. Note that the
CP asymmetries of several group I modes, B− → Δ0Δþ,
B− → Σ�0Σ�þ, B0

s → Δ0Σ�0 and B0
s → Σ�0Ξ�0 decays, are

related.
The central values of the CP asymmetries of

B− → Δ−Δ0, B− → Σ�−Σ�0, B− → Ξ�−Ξ�0, B̄0 → Δ−Δ−,
B̄0 → Σ�−Σ�−, B̄0 → Ξ�−Ξ�−, B̄0

s → Δ−Σ�−,
B̄0
s → Σ�−Ξ�−, B̄0

s → Ξ�−Ω−, and B̄0 → Ω−Ω− decays
are vanishing, as they do not have any tree (TDD̄)
contribution. The B̄0 → ΔþþΔþþ, B̄0 → Σ�þΣ�þ and

B̄0 → Ξ�0Ξ�0 decays are subleading modes, which only
have EDD̄ and PDD̄ contributions. Their CP asymmetries
can be any value. The B̄0 → Δ−Δ−, B̄0 → Σ�−Σ�−,
B̄0 → Ξ�−Ξ�−, B̄0

s → Δ−Σ�−, B̄0
s → Σ�−Ξ�− and B̄0

s →
Ξ�−Ω− decays are ΔS ¼ 0 pure penguin modes, which
only have PDD̄, PEWDD̄ and PADD̄ contributions, while the
B̄0 → Ω−Ω− decay is a pure penguin annihilation (PADD̄)
mode. The CP asymmetries of the ΔS ¼ 0 penguin modes
need not be vanishing [see Eq. (23)], while the CP

asymmetry of the pure penguin annihilation mode is always
vanishing.
In Table XVII we give results of direct CP asymmetries

of ΔS ¼ −1, B̄q → DD̄ modes. For group I modes,

AðB− → Σ�þΔþþÞ and AðB̄0
s → Σ�þΣ�þÞ are similar and

can be as large as �35%, AðB− → Ξ�0Σ�þÞ and AðB̄0
s →

Ξ�0Ξ�0Þ are similar and can be as large as �19%, but

AðB̄0
s → Ω−Ω−Þ, AðB− → Ω−Ξ�0Þ, AðB− → Σ�−Δ0Þ and

AðB̄0
s → Σ�−Σ�−Þ are vanishingly small and will be dis-

cussed later. For group II modes, AðB̄0 → Σ�þΔþÞ can

reach �35%, AðB̄0 → Σ�0Δ0Þ and AðB̄0 → Ξ�0Σ�0Þ are
similar and can be �19%, but AðB̄0 → Ξ�−Σ�−Þ and
AðB̄0 → Ω−Ξ�−Þ are vanishing. For group III modes,

AðB− → Σ�0ΔþÞ and AðB̄0
s → Σ�0Σ�0Þ are similar and

can be �19%, but AðB̄0
s → Ξ�−Ξ�−Þ and AðB− →

Ξ�−Σ�0Þ are vanishingly small and will be discussed later.
From Eqs. (A22), (A23) and (A24), we can easily

identify the following relations:

AðB−→Σ�−Δ0Þ¼AðB− →Ω−Ξ�0Þ¼AðB−→Ξ�−Σ�0Þ;
AðB−→Σ�0ΔþÞ¼AðB− →Ξ�0Σ�þÞ;
AðB̄0→Σ�0Δ0Þ¼AðB̄0 →Ξ�0Σ�0Þ;
AðB̄0→Σ�−Δ−Þ¼AðB̄0 →Ξ�−Σ�−Þ¼AðB̄0 →Ω−Ξ�−Þ:

ð38Þ

We see from Table XVII that these relations are satisfied.
Note that these relations do not rely on the asymptotic limit
but are subjected to SU(3) breaking in the topological
amplitudes.
The central values of the CP asymmetries of

B− → Σ�−Δ0, B− → Ξ�−Σ�0, B− → Ω−Ξ�0, B̄0 → Σ�−Δ−,

TABLE XVI. Same as Table X, but with ΔS ¼ 0, 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� 19.4 ∓ ð36..0þ19.3
−16.5 Þ ∓ ð49:3þ18.3

−14.4Þ B̄0
s → ΔþΣ�þ 0� 19.0 ∓ ð36.0þ18.8

−16.2 Þ ∓ ð49.3þ17.9
−14.2 Þ

B− → Δ0Δþ 0� 32.1 ∓ ð59.3þ24.4
−26.5 Þ ∓ ð79.5þ16.7

−19.9 Þ B̄0
s → Δ0Σ�0 0� 30.9 ∓ ð59.3þ23.6

−25.6 Þ ∓ ð79.5þ16.2
−19.3 Þ

B− → Δ−Δ0 0� 35.7 0� 35.7 0� 35.7 B̄0
s → Δ−Σ�− 0� 29.9 0� 29.9 0� 29.9

B− → Σ�0Σ�þ 0� 32.1 ∓ ð59.3þ24.4
−26.5 Þ ∓ ð79.5þ16.7

−19.9 Þ B̄0
s → Σ�0Ξ�0 0� 30.9 ∓ ð59.3þ23.6

−25.6 Þ ∓ ð79.5þ16.2
−19.3 Þ

B− → Σ�−Σ�0 0� 35.7 0� 35.7 0� 35.7 B̄0
s → Σ�−Ξ�− 0� 29.9 0� 29.9 0� 29.9

B− → Ξ�−Ξ�0 0� 35.7 0� 35.7 0� 35.7 B̄0
s → Ξ�−Ω− 0� 29.9 0� 29.9 0� 29.9

B̄0 → ΔþþΔþþ −100 ∼ 100 −100 ∼ 100 −100 ∼ 100 B̄0 → Σ�þΣ�þ −100 ∼ 100 −100 ∼ 100 −100 ∼ 100

B̄0 → ΔþΔþ 0� 22.9 ∓ ð36.0þ22.4
−19.4 Þ ∓ ð49.3þ21.1

−16.8 Þ B̄0 → Σ�0Σ�0 0� 37.1 ∓ ð59.3þ27.1
−31.2 Þ ∓ ð79.5þ17.9

−23.4 Þ
B̄0 → Δ0Δ0 0� 34.0 ∓ ð59.3þ25.4

−28.4 Þ ∓ ð79:5þ17.1
−21.4Þ B̄0 → Σ�−Σ�− 0� 30.6 0� 30.6 0� 30.6

B̄0 → Δ−Δ− 0� 30.6 0� 30.6 0� 30.6 B̄0 → Ξ�0Ξ�0 −100 ∼ 100 −100 ∼ 100 −100 ∼ 100

B̄0 → Ω−Ω− 0 0 0 B̄0 → Ξ�−Ξ�− 0� 32.1 0� 32.1 0� 32.1
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B̄0 → Ξ�−Σ�−, B̄0 → Ω−Ξ�−, B̄0
s → Σ�−Σ�−, B̄0

s → Ω−Ω−,
B̄0
s → Ξ�−Ξ�− and B̄0

s → Δ−Δ− decays are vanishing, as
they do not have any tree (T 0

DD̄
) contribution. The sub-

leading modes, B̄0
s → ΔþþΔþþ B̄0

s → ΔþΔþ and B̄0
s →

Δ0Δ0 decays, have E0
DD̄

and P0
DD̄

contributions. Their CP

asymmetries can be any value. Since the B̄0 → Σ�−Δ−,
B̄0 → Ξ�−Σ�−, B̄0 → Ω−Ξ�−, B̄0

s → Σ�−Σ�−, B̄0
s → Ω−Ω−

and B̄0
s → Ξ�−Ξ�− decays are ΔS ¼ −1 pure penguin

modes, which only have P0
DD̄

, P0
EWDD̄

and PA0
DD̄

contri-

butions, and the B̄0
s → Δ−Δ− decay is a pure penguin

annihilation (PA0
DD̄) mode, their CP asymmetries are small

[see Eq. (24)] or always vanishing. These can be tests of the
Standard Model. Note that some of these modes have
relatively good detectability. These include two group I

modes, B̄0
s → Ω−Ω− and B̄0

s → Σ�−Σ�− decays, two group

II modes, B̄0 → Ξ�−Σ�− and B̄0 → Ω−Ξ�− decays, and a

group III mode, the B̄0
s → Ξ�−Ξ�− decay, where all have

rates of orders 10−7 (see Table VIII). It will be interesting to
search for these modes and use their CP asymmetries as the
null tests of the Standard Model.
TheU-spin relations for decuplet-antidecuplet modes are

given by [3]10

2ΔCPðB− → Δ−Δ0Þ ¼ 3ΔCPðB− → Σ�−Σ�0Þ ¼ ΔCPðB− → Ξ�−Ξ�0Þ
¼ −6ΔCPðB− → Σ�−Δ0Þ ¼ −2ΔCPðB− → Ω−Ξ�0Þ ¼ −3ΔCPðB− → Ξ�−Σ�0Þ;

ΔCPðB− → Δ0ΔþÞ ¼ 2ΔCPðB− → Σ�0Σ�þÞ ¼ −2ΔCPðB− → Σ�0ΔþÞ ¼ −ΔCPðB− → Ξ�0Σ�þÞ;
ΔCPðB− → ΔþΔþþÞ ¼ −ΔCPðB− → Σ�þΔþþÞ;
ΔCPðB0

s → Δ0Σ�0Þ ¼ ΔCPðB0
s → Σ�0Ξ�0Þ ¼ −ΔCPðB̄0 → Σ�0Δ0Þ ¼ −ΔCPðB̄0 → Ξ�0Σ�0Þ;

4ΔCPðB0
s → Δ−Σ�−Þ ¼ 4ΔCPðB0

s → Ξ�−Ω−Þ ¼ 3ΔCPðB0
s → Σ�−Ξ�−Þ

¼ −4ΔCPðB̄0 → Σ�−Δ−Þ ¼ −3ΔCPðB̄0 → Ξ�−Σ�−Þ ¼ −4ΔCPðB̄0 → Ω−Ξ�−Þ;
ΔCPðB0

s → ΔþΣ�þÞ ¼ −ΔCPðB̄0 → Σ�þΔþÞ;
ΔCPðB0 → Ξ�0Ξ�0Þ ¼ −ΔCPðB̄0

s → Δ0Δ0Þ;
ΔCPðB0 → Ξ�−Ξ�−Þ ¼ −ΔCPðB̄0

s → Σ�−Σ�−Þ;
ΔCPðB0 → Σ�0Σ�0Þ ¼ −ΔCPðB̄0

s → Σ�0Σ�0Þ;
ΔCPðB0 → Ω−Ω−Þ ¼ −ΔCPðB̄0

s → Δ−Δ−Þ ¼ 0;

ΔCPðB0 → ΔþþΔþþÞ ¼ −ΔCPðB̄0
s → ΔþþΔþþÞ;

ΔCPðB0 → Σ�þΣ�þÞ ¼ −ΔCPðB̄0
s → ΔþΔþÞ;

ΔCPðB0 → Δ−Δ−Þ ¼ −ΔCPðB̄0
s → Ω−Ω−Þ;

ΔCPðB0 → Σ�−Σ�−Þ ¼ −ΔCPðB̄0
s → Ξ�−Ξ�−Þ;

ΔCPðB0 → ΔþΔþÞ ¼ −ΔCPðB̄0
s → Σ�þΣ�þÞ;

ΔCPðB0 → Δ0Δ0Þ ¼ −ΔCPðB̄0
s → Ξ�0Ξ�0Þ: ð39Þ

These relations are roughly satisfied by the results shown in Tables XVI and XVII and the agreement can be improved
when SU(3) breaking effects are taken into account. For example, one can make a quick but nontrivial check on the
relative signs of these asymmetries and see that they indeed agree with the above relations.11 Note that several
vanishing CP asymmetries as discussed previously are related to each other. For example, from the last relation of the
above equation, we have

10A typo in the fifth relation is corrected.
11Note that for the first relation, the CP asymmetries of these modes all have vanishing central values; their relative signs cannot be

read out from Tables XVI and XVII. The relative signs of ΔCPðB0 → Ξ�0Ξ�0 and ΔCPðB̄0
s → Δ0Δ0Þ ΔCPðB0 → ΔþþΔþþÞ and

ΔCPðB̄0
s → ΔþþΔþþÞ, ΔCPðB0 → Σ�þΣ�þÞ and ΔCPðB̄0

s → ΔþΔþÞ cannot be read out from Tables XVI and XVII. The signs of modes
in the fifth, eighth, thirteenth and fourteenth relations cannot be read out from the tables.
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AðB̄0→Δ0Δ0Þ¼−AðB̄0
s →Ξ�0Ξ�0ÞτðB

0Þ
τðB0

sÞ
BðB̄0

s →Ξ�0Ξ�0Þ
BðB̄0→Δ0Δ0Þ

≃−ð3.7ÞAðB̄0
s →Ξ�0Ξ�0Þ: ð40Þ

The results in Tables XVI and XVII agree with it. Note that
these two modes are both group I modes. We will return to
this later. The fifth, eighth, thirteenth and fourteenth rela-
tions can be used to constrain the sizes of CP asymmetries
of the ΔS ¼ −1 pure penguin modes model independently.
For example, using the fifth relation we can have

jAðB̄0 → Ω−Ξ�−Þj

¼ 3

4
jAðB̄0

s → Σ�−Ξ�−Þj τðB
0Þ

τðB0
sÞ
BðB̄0

s → Σ�−Ξ�−Þ
BðB̄0 → Ω−Ξ�−Þ

≤
3

4

τðB0Þ
τðB0

sÞ
BðB̄0

s → Σ�−Ξ�−Þ
BðB̄0 → Ω−Ξ�−Þ ≃ 5.5%; ð41Þ

which is satisfied by the result shown in Table XVII. Note
that the above two modes are both group II modes and
one does not need Bs tagging to test the inequality
experimentally.
In Tables X to XVII, we show results of CP asymmetries

for some specify values of the penguin-tree relative strong
phase ϕ (0, �π=4 and �π=2). It will be useful to plot the
CP asymmetries of some interesting modes in the full range
of ϕ. In Fig. 2, we plot the CP asymmetries of B̄0 → pp̄,
B− → Λp̄, B̄0

s → ΛΛ̄, B− → pΔþþ, B̄0
s → pΣ�þ, B− →

Δ0p̄ and B̄0
s → Δ0Λ̄ decays. In Fig. 3, we plot the CP

asymmetries of B̄0 → Ξ�0Λ̄, B̄0 → Σ�þp̄, B̄0 → Δ0Δ0,

B− → Σ�þΔþþ, B̄0
s → Σ�þΣ�þ, B− → Ξ�0Σ�þ and B̄0

s →

Ξ�0Ξ�0 decays. These are direct CP asymmetries of several
group I modes, which have unsuppressed rates and can

cascadely decay to all charged final states. The solid lines
are from tree-penguin interferences using the asymptotic
relation. The bands between the dashed (dotted) lines in
the figures are with contributions from corrections to the
asymptotic relation without (with) contributions from
subleading terms. For the figures we see that corrections
to the asymptotic relation dominate the uncertainties.
Note that the remaining group I modes, including

B̄0
s → Ξ−Ξ−, B− → Ξ−Λ̄, B̄0 → Ξ−Σ�−, B̄0 → Ω−Ξ−,

B̄0 → Σ�−Σ�−, B̄0
s → Ω−Ω−, B− → Ω−Ξ�0, B− → Σ�−Δ0

and B̄0
s → Σ�−Σ�− decays do not depend on ϕ; hence, their

CP asymmetries are not plotted. In particular, as noted
before,AðB̄0

s→Ξ−Ξ−Þ,AðB̄0 → Ξ−Σ�−Þ,AðB̄0 → Ω−Ξ−Þ,
AðB̄0

s → Ω−Ω−Þ, and AðB̄0
s → Σ�−Σ�−Þ are small and can

be used to test the Standard Model; especially these modes
have good detectability in rates.
We now return to Figs. 2 and 3. Most of these

asymmetries are sizable. We can classify these modes,
according to the dependence of ϕ, into two groups.
The AðB̄0 → pp̄Þ, AðB− → pΔþþÞ, AðB̄0

s → pΣ�þÞ,
AðB̄0

s → Δ0Λ̄Þ and AðB̄0 → Δ0Δ0Þ have similar behavior,
while AðB− → Λp̄Þ, AðB̄0

s → ΛΛ̄Þ, AðB− → Δ0p̄Þ,
AðB̄0 → Ξ�0 ¯ΛÞ, AðB̄0 → Σ�þp̄Þ, AðB− → Σ�þΔþþÞ,
AðB̄0

s → Σ�þΣ�þÞ, AðB− → Ξ�0Σ�þÞ and AðB̄0
s →

Ξ�0Ξ�0Þ have similar behavior, but different from the first
group. The asymmetries in these two groups basically have
opposite signs for ϕ away from 0, π, 2π. Note that through

U-spin relation, AðB0 → Δ0Δ0Þ and AðB̄0
s → Ξ�0Ξ�0Þ are

related by Eq. (39). We see from Figs. 3(c) and 3(g) that
they indeed respect the relation.
It will be interesting to measure the CP asymmetries of

these group I modes and compare to the predictions plotted
in Figs. 2 and 3. Measuring these asymmetries can provide
useful information on the decay amplitudes.

TABLE XVII. Same as Table X, but with ΔS ¼ −1, 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− → Σ�þΔþþ 0� 15.1 �ð27.1þ15.5
−12.5Þ �ð35.3þ14.5

−11.0 Þ B̄0 → Σ�þΔþ 0� 14.8 �ð27.1þ15.2
−12.3 Þ �ð35.3þ14.2

−10.8 Þ
B− → Σ�0Δþ 0� 8.0 �ð14.2þ8.9

−6.8 Þ �ð19.2þ9.1
−6.6 Þ B̄0 → Σ�0Δ0 0� 7.7 �ð14.2þ8.6

−6.6 Þ �ð19.2þ8.8
−6.4Þ

B− → Σ�−Δ0 0� 1.8 0� 1.8 0� 1.8 B̄0 → Σ�−Δ− 0� 1.5 0� 1.5 0� 1.5

B− → Ξ�0Σ�þ 0� 8.0 �ð14.2þ8.9
−6.8 Þ �ð19.2þ9.1

−6.6 Þ B̄0 → Ξ�0Σ�0 0� 7.7 �ð14.2þ8.6
−6.6 Þ �ð19.2þ8.8

−6.4Þ
B− → Ξ�−Σ�0 0� 1.8 0� 1.8 0� 1.8 B̄0 → Ξ�−Σ�− 0� 1.5 0� 1.5 0� 1.5

B− → Ω−Ξ�0 0� 1.8 0� 1.8 0� 1.8 B̄0 → Ω−Ξ�− 0� 1.5 0� 1.5 0� 1.5

B̄0
s → ΔþþΔþþ −100 ∼ 100 −100 ∼ 100 −100 ∼ 100 B̄0

s → Σ�þΣ�þ 0� 18.3 �ð27.1þ19.0
−14.4 Þ �ð35.3þ17.8

−12.3 Þ
B̄0
s → ΔþΔþ −100 ∼ 100 −100 ∼ 100 −100 ∼ 100 B̄0

s → Σ�0Σ�0 0� 9.6 �ð14.2þ11.0
−7.7 Þ �ð19.2þ11.2

−7.2 Þ
B̄0
s → Δ0Δ0 −100 ∼ 100 −100 ∼ 100 −100 ∼ 100 B̄0

s → Σ�−Σ�− 0� 1.6 0� 1.6 0� 1.6

B̄0
s → Δ−Δ− 0 0 0 B̄0

s → Ξ�0Ξ�0 0� 8.6 �ð14.2þ9.8
−7.2 Þ �ð19.2þ10.0

−6.8 Þ
B̄0
s → Ω−Ω− 0� 1.5 0� 1.5 0� 1.5 B̄0

s → Ξ�−Ξ�− 0� 1.6 0� 1.6 0� 1.6
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(a) (b)

(c) (d)

(e) (f)

(g)

FIG. 2. Direct CP asymmetries of some interesting modes are plotted with respect to the penguin-tree relative strong phase ϕ. The
solid lines are from tree-penguin interferences using the asymptotic relation. The bands between the dashed (dotted) lines are with
contributions from corrections to the asymptotic relation without (with) contributions from subleading terms.
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(a) (b)

(c) (d)

(e) (f)

(g)

FIG. 3. Direct CP asymmetries of some interesting modes are plotted with respect to the penguin-tree relative strong phase ϕ. The
solid lines are from tree-penguin interferences using the asymptotic relation. The bands between the dashed (dotted) lines are with
contributions from corrections to the asymptotic relation without (with) contributions from subleading terms.
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IV. CONCLUSION

With the experimental evidences of B̄0 → pp̄ and B− →
Λp̄ decays, it is now possible to extract both tree and
penguin amplitudes of charmless two-body baryonic
decays for the first time. The extracted penguin-tree ratio
agrees with the expectation. Predictions on all B̄q → BB̄,
BD, DB̄ and DD̄ decay rates are given. It is nontrivial that
the results do not violate any existing experimental upper
limit. From the results, it is understandable why B̄0 → pp̄
and B− → Λp̄ modes are the first two modes with exper-
imental evidences. Relations on rates are verified. There
are 23 modes that have relatively sizable rates and can
cascadely decay to all charged final states, including
B̄0 → pp̄, B− → Λp̄, Ξ−Λ̄, B̄0

s → ΛΛ̄, Ξ−Ξ−;
B− → pΔþþ, B̄0

s → pΣ�þ, B̄0 → Ξ−Σ�−; B− → Δ0p̄,

B̄0
s → Δ0Λ̄, B̄0 → Σ�−p̄, Ω−Ξ−, Ξ�0Λ̄; B̄0 → Δ0Δ0,

B̄0 → Σ�−Σ�−, B− → Σ�þΔþþ, Ξ�0Σ�þ, Ω−Ξ�0, Σ�−Δ0,

B̄0
s → Ω−Ω−, Ξ�0Ξ�0, Σ�þΣ�þ and Σ�−Σ�− decays. With

π0 and γ another 38 modes can be searched for, while with
π0π0, π0γ and γγ38 more modes can be searched for in the
future. In particular, we note that the predicted B− → pΔþþ
rate is close to the experimental bound, which has not
been updated in the last ten years [33]. The bounds on
B− → Δ0p̄ and B̄0 → Σ�þp̄ rates have not been updated in

the last ten years [33,34] and the bound on B̄0 → Δ0Δ0 rate
has not been updated in about three decades [35], while
their rates are predicted to be of the order of 10−8. Also note
that the B̄0

s → Ω−Ω− rate is predicted to be the highest rate.
The analysis of this work can be improved systematically
when more modes are measured.
Direct CP asymmetries of all B̄q → BB̄, BD, DB̄ and

DD̄ modes are explored. Relations on CP asymmetries are
verified. Results of CP asymmetries for modes with
relatively good detectability in rates are highlighted. In
particular, the direct CP asymmetry of B̄0 → pp̄ decay
can be as large as �50%. Some of the CP asymmetries
are small or vanishing. For B̄ → BB̄, ΔS ¼ −1 decays,
B̄0 → Ξ−Σ−, B̄0

s → Σ−Σ− and B̄0
s → Ξ−Ξ− decays are pure

penguin modes. For B̄ → BD, ΔS ¼ 0 decays, B̄0 →

ΣþΣ�þ and B̄0 → Ξ0Ξ�0 decays are pure exchange modes.
For B̄ → BD, ΔS ¼ −1 decays, B̄0 → Σ−Δ−,
B̄0 → Ξ−Σ�−, B̄0

s → Σ−Σ�− and B̄0
s → Ξ−Ξ�− decays are

pure penguin modes and B̄0
s → pΔþ and B̄0

s → nΔ0 decays
are pure exchange modes. For B̄ → DB̄, ΔS ¼ 0 decays,

B̄0 → Ξ�0Ξ0 and B̄0 → Σ�þΣþ decays are pure exchange
modes. For B̄ → DB̄, ΔS ¼ −1 decays, B̄0 → Ω−Ξ−,
B̄0
s → Σ�−Σ−, B̄0 → Ξ�−Σ− and B̄0

s → Ξ�−Ξ− decays are
pure penguin modes, while B̄0

s → Δþp̄ and B̄0
s → Δ0n̄

decays are pure exchange modes. For B̄ → DD̄, ΔS ¼ 0

decays, B̄0 → Ω−Ω− decay is a pure penguin annihilation
mode. For B̄ → DD̄, ΔS ¼ −1 decays, B̄0 → Σ�−Δ−,
B̄0 → Ξ�−Σ�−, B̄0 → Ω−Ξ�−, B̄0

s → Σ�−Σ�−, B̄0
s → Ω−Ω−

and B̄0
s → Ξ�−Ξ�− decays are pure penguin modes, and the

B̄0
s → Δ−Δ− decay is a pure penguin annihilation mode.

The CP asymmetries of the above modes are small,
following the hierarchy of the CKM factors, or vanishing.
They can be added to the list of the tests of the Standard
Model. Note that some of these modes have relatively
good detectability in rates. These include 5 group I
modes, B̄0

s → Ξ−Ξ−, B̄0 → Ξ−Σ�−, B̄0 → Ω−Ξ−, B̄0
s →

Σ�−Σ�− and B̄0
s → Ω−Ω− decays, 4 group II modes,

B̄0
s → Ξ−Ξ�−, B̄0

s → Ξ�−Ξ−, B̄0 → Ξ�−Σ�− and B̄0 →
Ω−Ξ�− decays, and a group III mode, the B̄0

s → Ξ�−Ξ�−
decay, but some require Bs tagging to search for its CP
asymmetry. It will be interesting to search for these modes
and use their CP asymmetries to search for new physics.
Furthermore, since these modes are rare decay modes and
all of them are pure penguin modes, they are expected to be
sensitive to new physics contributions.
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APPENDIX A: TOPOLOGICAL AMPLITUDES
OF TWO-BODY CHARMLESS

BARYONIC B DECAYS

We collect all the B̄ → DD̄, DB̄, BD, BB̄ decay
amplitudes obtained in Ref. [3]. Note that Eq. (A23) is
the corrected version.

1. B̄ to octet-anti-octet baryonic decays

The full B̄ → BB̄ decay amplitudes for ΔS ¼ 0 proc-
esses are given by
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AðB− → np̄Þ ¼−T1BB̄ − 5P1BB̄ þ
2

3
ðP1EWBB̄ −P3EWBB̄ þP4EWBB̄Þ− 5A1BB̄;

AðB− → Σ0ΣþÞ ¼
ffiffiffi
2

p
T3BB̄ þ

1ffiffiffi
2

p ð5P1BB̄ −P2BB̄Þþ
1

3
ffiffiffi
2

p ðP1EWBB̄ þP2EWBB̄ þ 2P3EWBB̄ − 2P4EWBB̄Þþ
1ffiffiffi
2

p ð5A1BB̄ −A2BB̄Þ;

AðB− → Σ−Σ0Þ ¼−
1ffiffiffi
2

p ð5P1BB̄ −P2BB̄Þ−
1

3
ffiffiffi
2

p ðP1EWBB̄ þP2EWBB̄ − 4P3EWBB̄ − 2P4EWBB̄Þ−
1ffiffiffi
2

p ð5A1BB̄ −A2BB̄Þ;

AðB− → Σ−Λ̄Þ ¼−
1ffiffiffi
6

p ð5P1BB̄ þP2BB̄Þ−
1

3
ffiffiffi
6

p ðP1EWBB̄ −P2EWBB̄ − 4P3EWBB̄ − 2P4EWBB̄Þ−
1ffiffiffi
6

p ð5A1BB̄ þA2BB̄Þ;

AðB− → Ξ−Ξ0Þ ¼−P2BB̄ þ
1

3
P2EWBB̄ −A2BB̄;

AðB− →ΛΣþÞ ¼−
ffiffiffi
2

3

r
ðT1BB̄ −T3BB̄Þ−

1ffiffiffi
6

p ð5P1BB̄ þP2BB̄Þþ
1

3
ffiffiffi
6

p ð5P1EWBB̄ þP2EWBB̄

− 4P3EWBB̄ þ 2P4EWBB̄Þ−
1ffiffiffi
6

p ð5A1BB̄ þA2BB̄Þ; ðA1Þ

AðB̄0 → pp̄Þ ¼−T2BB̄ þ 2T4BB̄ þP2BB̄ þ
2

3
P2EWBB̄ − 5E1BB̄ þE2BB̄ − 9PABB̄;

AðB̄0 → nn̄Þ ¼−ðT1BB̄ þT2BB̄Þ− ð5P1BB̄ −P2BB̄Þþ
2

3
ðP1EWBB̄ þP2EWBB̄ −P3EWBB̄ − 2P4EWBB̄ÞþE2BB̄ − 9PABB̄;

AðB̄0 → ΣþΣþÞ ¼−5E1BB̄ þE2BB̄ − 9PABB̄;

AðB̄0 → Σ0Σ0Þ ¼−T3BB̄ −
1

2
ð5P1BB̄ −P2BB̄Þ−

1

6
ðP1EWBB̄ þP2EWBB̄ þ 2P3EWBB̄ − 2P4EWBB̄Þ

−
1

2
ð5E1BB̄ −E2BB̄Þ− 9PABB̄;

AðB̄0 → Σ0Λ̄Þ ¼ 1ffiffiffi
3

p ðT3BB̄ þ 2T4BB̄Þþ
1

2
ffiffiffi
3

p ð5P1BB̄ þP2BB̄Þþ
1

6
ffiffiffi
3

p ðP1EWBB̄ −P2EWBB̄

þ 2P3EWBB̄ þ 10P4EWBB̄Þ−
1

2
ffiffiffi
3

p ð5E1BB̄ þE2BB̄Þ;

AðB̄0 → Σ−Σ−Þ ¼−ð5P1BB̄ −P2BB̄Þ−
1

3
ðP1EWBB̄ þP2EWBB̄ − 4P3EWBB̄ − 2P4EWBB̄Þ− 9PABB̄;

AðB̄0 → Ξ0Ξ0Þ ¼E2BB̄ −9PABB̄;

AðB̄0 → Ξ−Ξ−Þ ¼P2BB̄ −
1

3
P2EWBB̄ − 9PABB̄;

AðB̄0 →ΛΣ0Þ ¼ 1ffiffiffi
3

p ðT1BB̄ −T3BB̄Þþ
1

2
ffiffiffi
3

p ð5P1BB̄ þP2BB̄Þ−
1

6
ffiffiffi
3

p ð5P1EWBB̄ þP2EWBB̄ − 2P3EWBB̄ þ 2P4EWBB̄Þ

−
1

2
ffiffiffi
3

p ð5E1BB̄ þE2BB̄Þ;

AðB̄0 →ΛΛ̄Þ ¼−
1

3
ðT1BB̄ þ 2T2BB̄ −T3BB̄ − 2T4BB̄Þ−

5

6
ðP1BB̄ −P2BB̄Þ

þ 1

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

5

6
ðE1BB̄ −E2BB̄Þ− 9PABB̄; ðA2Þ

and
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AðB̄0
s → pΣþÞ ¼ T2BB̄ − 2T4BB̄ − P2BB̄ −

2

3
P2EWBB̄;

AðB̄0
s → nΣ0Þ ¼ −

1ffiffiffi
2

p T2BB̄ þ 1ffiffiffi
2

p P2BB̄ þ
ffiffiffi
2

p

3
ðP2EWBB̄ − 3P4EWBB̄Þ;

AðB̄0
s → nΛ̄Þ ¼ 1ffiffiffi

6
p ð2T1BB̄ þ T2BB̄Þ þ

1ffiffiffi
6

p ð10P1BB̄ − P2BB̄Þ −
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 1

3
ffiffiffi
2

p ðP1EWBB̄ þ 2P3EWBB̄ þ 4P4EWBB̄Þ;

AðB̄0
s → Σ−Ξ−Þ ¼ −5P1BB̄ 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

þ 1

3
ffiffiffi
6

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

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

þ 1

3
ffiffiffi
2

p ð3P0
1EWBB̄

þ P0
2EWBB̄

Þ − 1ffiffiffi
2

p A0
2BB̄

;

AðB− → Σ−n̄Þ ¼ −P0
2BB̄

þ 1

3
P0
2EWBB̄

− A0
2BB̄

;

AðB− → Ξ0ΣþÞ ¼ −T 0
1BB̄

− 5P0
1BB̄

þ 2

3
ðP0

1EWBB̄
− P0

3EWBB̄
þ P0

4EWBB̄
Þ − 5A0

1BB̄
;

AðB− → Ξ−Σ0Þ ¼ −
5ffiffiffi
2

p P0
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 − 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 − 1

3
ffiffiffi
6

p ðP0
1EWBB̄

− P0
2EWBB̄

− 4P0
3EWBB̄

þ 4P0
4EWBB̄

Þ þ 1ffiffiffi
6

p ð10A0
1BB̄

− A0
2BB̄

Þ; ðA4Þ

AðB̄0 → Σþp̄Þ ¼ T 0
2BB̄

− 2T 0
4BB̄

− P0
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 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

−
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 þ 1

3

ffiffiffi
2

3

r
ðP0

1EWBB̄
þ 2P0

2EWBB̄
− P0

3EWBB̄
− 5P0

4EWBB̄
Þ;

AðB̄0 → Ξ−Σ−Þ ¼ −5P0
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 1ffiffiffi
6

p ð10P0
1BB̄

− P0
2BB̄

Þ

−
1

3
ffiffiffi
6

p ðP0
1EWBB̄

þ 2P0
2EWBB̄

− 4P0
3EWBB̄

− 8P0
4EWBB̄

Þ; ðA5Þ

and
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AðB̄0
s → pp̄Þ ¼ −5E0

1BB̄
þ E0

2BB̄
− 9PA0

BB̄
;

AðB̄0
s → nn̄Þ ¼ E0

2BB̄
− 9PA0

BB̄
;

AðB̄0
s → ΣþΣþÞ ¼ −T 0

2BB̄
þ 2T 0

4BB̄
þ P0

2BB̄
þ 2

3
P0
2EWBB̄

− 5E0
1BB̄

þ E0
2BB̄

− 9PA0
BB̄
;

AðB̄0
s → Σ0Σ0Þ ¼ −

1

2
ðT 0

2BB̄
− 2T 0

4BB̄
Þ þ P0

2BB̄
þ 1

6
P0
2EWBB̄

−
1

2
ð5E0

1BB̄
− E0

2BB̄
Þ − 9PA0

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
−
1

3
P0
2EWBB̄

− 9PA0
BB̄
;

AðB̄0
s → Ξ0Ξ0Þ ¼ −T 0

1BB̄
− T 0

2BB̄
− ð5P0

1BB̄
− P0

2BB̄
Þ þ 2

3
ðP0

1EWBB̄
þ P0

2EWBB̄
− P0

3EWBB̄
− 2P0

4EWBB̄
Þ þ E0

2BB̄
− 9PA0

BB̄
;

AðB̄0
s → Ξ−Ξ−Þ ¼ −ð5P0

1BB̄
− P0

2BB̄
Þ − 1

3
ðP0

1EWBB̄
þ P0

2EWBB̄
− 4P0

3EWBB̄
− 2P0

4EWBB̄
Þ − 9PA0

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

þ 1

18
ð2P0

1EWBB̄
þ P0

2EWBB̄
− 8P0

3EWBB̄
− 4P0

4EWBB̄
Þ − 5

6
ðE0

1BB̄
− E0

2BB̄
Þ − 9PA0

BB̄
: ðA6Þ

2. B̄ to octet-anti-decuplet baryonic decays

The full B̄ → BD decay amplitudes for ΔS ¼ 0 processes are given by

AðB− → pΔþþÞ ¼ −
ffiffiffi
6

p
ðT

1BD − 2T
2BDÞ þ

ffiffiffi
6

p
PBD þ 2

ffiffiffi
2

3

r
P
1EWBD þ

ffiffiffi
6

p
ABD;

AðB− → nΔþÞ ¼ −
ffiffiffi
2

p
T1BD þ

ffiffiffi
2

p
PBD þ 2

ffiffiffi
2

p

3
ðP1EWBD − 3P2EWBDÞ þ

ffiffiffi
2

p
ABD;

AðB− → Σ0Σ�þÞ ¼ −2T
2BD − PBD þ 1

3
ðP

1EWBD − 6P
2EWBDÞ − ABD;

AðB− → Σ−Σ�0Þ ¼ −PBD þ 1

3
P
1EWBD − ABD;

AðB− → Ξ−Ξ�0Þ ¼ −
ffiffiffi
2

p
PBD þ

ffiffiffi
2

p

3
P
1EWBD −

ffiffiffi
2

p
ABD;

AðB− → ΛΣ�þÞ ¼ 2ffiffiffi
3

p ðT
1BD − T

2BDÞ −
ffiffiffi
3

p
PBD −

1ffiffiffi
3

p ðP
1EWBD − 2P

2EWBDÞ −
ffiffiffi
3

p
ABD; ðA7Þ
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AðB̄0 → pΔþÞ ¼ −
ffiffiffi
2

p
ðT

1BD − 2T
2BDÞ þ

ffiffiffi
2

p
PBD þ 2

ffiffiffi
2

p

3
P
1EWBD −

ffiffiffi
2

p
EBD;

AðB̄0 → nΔ0Þ ¼ −
ffiffiffi
2

p
T
1BD þ

ffiffiffi
2

p
PBD þ 2

ffiffiffi
2

p

3
ðP

1EWBD − 3P
2EWBDÞ −

ffiffiffi
2

p
EBD;

AðB̄0 → ΣþΣ�þÞ ¼
ffiffiffi
2

p
EBD;

AðB̄0 → Σ0Σ�0Þ ¼ −
ffiffiffi
2

p
T2BD −

1ffiffiffi
2

p PBD þ 1

3
ffiffiffi
2

p ðP1EWBD − 6P2EWBDÞ −
1ffiffiffi
2

p EBD;

AðB̄0 → Σ−Σ�−Þ ¼ −
ffiffiffi
2

p
PBD þ

ffiffiffi
2

p

3
P1EWBD;

AðB̄0 → Ξ0Ξ�0Þ ¼
ffiffiffi
2

p
EBD;

AðB̄0 → Ξ−Ξ�−Þ ¼ −
ffiffiffi
2

p
PBD þ

ffiffiffi
2

p

3
P
1EWBD;

AðB̄0 → ΛΣ�0Þ ¼
ffiffiffi
2

3

r
ðT

1BD − T
2BDÞ −

ffiffiffi
3

2

r
PBD −

1ffiffiffi
6

p ðP
1EWBD − 2P

2EWBDÞ þ
ffiffiffi
3

2

r
EBD; ðA8Þ

and

AðB̄0
s → pΣ�þÞ ¼ −

ffiffiffi
2

p
ðT

1BD − 2T
2BDÞ þ

ffiffiffi
2

p
PBD þ 2

ffiffiffi
2

p

3
P
1EWBD;

AðB̄0
s → nΣ�0Þ ¼ −T

1BD þ PBD þ 2

3
ðP

1EWBD − 3P
2EWBDÞ;

AðB̄0
s → Σ0Ξ�0Þ ¼ −2T

2BD − PBD þ 1

3
ðP

1EWBD − 6P
2EWBDÞ;

AðB̄0
s → Σ−Ξ�−Þ ¼ −

ffiffiffi
2

p
PBD þ

ffiffiffi
2

p

3
P
1EWBD;

AðB̄0
s → Ξ−Ω−Þ ¼ −

ffiffiffi
6

p
PBD þ

ffiffiffi
2

3

r
P
1EWBD;

AðB̄0
s → ΛΞ�0Þ ¼ 2ffiffiffi

3
p ðT

1BD − T
2BDÞ −

ffiffiffi
3

p
PBD −

1ffiffiffi
3

p ðP
1EWBD − 2P

2EWBDÞ; ðA9Þ

while those for ΔS ¼ 1 transitions are given by

AðB− → ΣþΔþþÞ ¼
ffiffiffi
6

p
ðT 0

1BD
− 2T 0

2BD
Þ −

ffiffiffi
6

p
P0
BD

− 2

ffiffiffi
2

3

r
P0
1EWBD

−
ffiffiffi
6

p
A0
BD

;

AðB− → Σ0ΔþÞ ¼ −T 0
1BD

þ 2T 0
2BD

þ 2P0
BD

þ 1

3
P0
1EWBD

þ 2A0
BD

;

AðB− → Σ−Δ0Þ ¼
ffiffiffi
2

p
P0
BD

−
ffiffiffi
2

p

3
P0
1EWBD

þ
ffiffiffi
2

p
A0
BD

;

AðB− → Ξ0Σ�þÞ ¼
ffiffiffi
2

p
T 0
1BD

−
ffiffiffi
2

p
P0
BD

−
2

ffiffiffi
2

p

3
ðP0

1EWBD
− 3P0

2EWBD
Þ −

ffiffiffi
2

p
A0
BD

;

AðB− → Ξ−Σ�0Þ ¼ P0
BD

−
1

3
P0
1EWBD

þ A0
BD

;

AðB− → ΛΔþÞ ¼ 1ffiffiffi
3

p ðT 0
1BD

þ 2T 0
2BD

Þ − 1ffiffiffi
3

p ðP0
1EWBD

− 4P0
2EWBD

Þ; ðA10Þ
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AðB̄0 → ΣþΔþÞ ¼
ffiffiffi
2

p
ðT 0

1BD
− 2T 0

2BD
Þ −

ffiffiffi
2

p
P0
BD

−
2

ffiffiffi
2

p

3
P0
1EWBD

;

AðB̄0 → Σ0Δ0Þ ¼ −T 0
1BD

þ 2T 0
2BD

þ 2P0
BD

þ 1

3
P0
1EWBD

;

AðB̄0 → Σ−Δ−Þ ¼
ffiffiffi
6

p
P0
BD

−
ffiffiffi
2

3

r
P0
1EWBD

;

AðB̄0 → Ξ0Σ�0Þ ¼ T 0
1BD

− P0
BD

−
2

3
ðP0

1EWBD
− 3P0

2EWBD
Þ;

AðB̄0 → Ξ−Σ�−Þ ¼
ffiffiffi
2

p
P0
BD

−
ffiffiffi
2

p

3
P0
1EWBD

;

AðB̄0 → ΛΔ0Þ ¼ 1ffiffiffi
3

p ðT 0
1BD

þ 2T 0
2BD

Þ − 1ffiffiffi
3

p ðP0
1EWBD

− 4P0
2EWBD

Þ; ðA11Þ

and

AðB̄0
s → pΔþÞ ¼ −

ffiffiffi
2

p
E0
BD

;

AðB̄0
s → nΔ0Þ ¼ −

ffiffiffi
2

p
E0
BD

;

AðB̄0
s → ΣþΣ�þÞ ¼

ffiffiffi
2

p
ðT 0

1BD
− 2T 0

2BD
Þ −

ffiffiffi
2

p
P0
BD

−
2

ffiffiffi
2

p

3
P0
1EWBD

þ
ffiffiffi
2

p
E0
BD

;

AðB̄0
s → Σ0Σ�0Þ ¼ −

1ffiffiffi
2

p ðT 0
1BD

− 2T 0
2BD

Þ þ
ffiffiffi
2

p
P0
BD

þ 1

3
ffiffiffi
2

p P0
1EWBD

−
1ffiffiffi
2

p E0
BD

;

AðB̄0
s → Σ−Σ�−Þ ¼

ffiffiffi
2

p
P0
BD

−
ffiffiffi
2

p

3
P0
1EWBD

;

AðB̄0
s → Ξ0Ξ�0Þ ¼

ffiffiffi
2

p
T 0
1BD

−
ffiffiffi
2

p
P0
BD

−
2

ffiffiffi
2

p

3
ðP0

1EWBD
− 3P0

2EWBD
Þ þ

ffiffiffi
2

p
E0
BD

;

AðB̄0
s → Ξ−Ξ�−Þ ¼

ffiffiffi
2

p
P0
BD

−
ffiffiffi
2

p

3
P0
1EWBD

;

AðB̄0
s → ΛΣ�0Þ ¼ 1ffiffiffi

6
p ðT 0

1BD
þ 2T 0

2BD
Þ − 1ffiffiffi

6
p ðP0

1EWBD
− 4P0

2EWBD
Þ þ

ffiffiffi
3

2

r
E0
BD

: ðA12Þ

3. B̄ to decuplet-anti-octet baryonic decays

The full B̄ → DB̄ decay amplitudes for ΔS ¼ 0 processes are given by

AðB− → Δ0p̄Þ ¼
ffiffiffi
2

p
T1DB̄ −

ffiffiffi
2

p
PDB̄ þ

ffiffiffi
2

p

3
ð3P1EWDB̄ þ P2EWDB̄Þ −

ffiffiffi
2

p
ADB̄;

AðB− → Δ−n̄Þ ¼ −
ffiffiffi
6

p
PDB̄ þ

ffiffiffi
2

3

r
P2EWDB̄ −

ffiffiffi
6

p
ADB̄;

AðB− → Σ�0ΣþÞ ¼ −T1DB̄ þ PDB̄ −
1

3
ð3P1EWDB̄ þ P2EWDB̄Þ þ ADB̄;

AðB− → Σ�−Σ0Þ ¼ −PDB̄ þ 1

3
P2EWDB̄ − ADB̄;

AðB− → Ξ�−Ξ0Þ ¼
ffiffiffi
2

p
PDB̄ −

ffiffiffi
2

p

3
P2EWDB̄ þ

ffiffiffi
2

p
ADB̄;

AðB− → Σ�−Λ̄Þ ¼
ffiffiffi
3

p
PDB̄ −

1ffiffiffi
3

p P2EWDB̄ þ
ffiffiffi
3

p
ADB̄; ðA13Þ
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AðB̄0 → Δþp̄Þ ¼
ffiffiffi
2

p
T2DB̄ þ

ffiffiffi
2

p
PDB̄ 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

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 þ 1

3
ffiffiffi
2

p ð3P1EWDB̄ þ P2EWDB̄Þ −
1ffiffiffi
2

p EDB̄;

AðB̄0 → Σ�−Σ−Þ ¼ −
ffiffiffi
2

p
PDB̄ þ

ffiffiffi
2

p

3
P2EWDB̄;

AðB̄0 → Ξ�0Ξ0Þ ¼
ffiffiffi
2

p
EDB̄;

AðB̄0 → Ξ�−Ξ−Þ ¼ −
ffiffiffi
2

p
PDB̄ þ

ffiffiffi
2

p

3
P2EWDB̄;

AðB̄0 → Σ�0Λ̄Þ ¼ −
1ffiffiffi
6

p ðT1DB̄ þ 2T2DB̄Þ −
ffiffiffi
3

2

r
PDB̄ −

1ffiffiffi
6

p ðP1EWDB̄ þ P2EWDB̄Þ þ
ffiffiffi
3

2

r
EDB̄; ðA14Þ

and

AðB̄0
s → ΔþΣþÞ ¼ −

ffiffiffi
2

p
T2DB̄ −

ffiffiffi
2

p
PDB̄ −

2
ffiffiffi
2

p

3
P2EWDB̄;

AðB̄0
s → Δ0Σ0Þ ¼ T2DB̄ þ 2PDB̄ þ 1

3
P2EWDB̄;

AðB̄0
s → Δ−Σ−Þ ¼

ffiffiffi
6

p
PDB̄ −

ffiffiffi
2

3

r
P2EWDB̄;

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

1

3
ð3P1EWDB̄ þ 2P2EWDB̄Þ;

AðB̄0
s → Σ�−Ξ−Þ ¼

ffiffiffi
2

p
PDB̄ −

ffiffiffi
2

p

3
P2EWDB̄;

AðB̄0
s → Δ0Λ̄Þ ¼ −

1ffiffiffi
3

p ð2T1DB̄ þ T2DB̄Þ −
1ffiffiffi
3

p ð2P1EWDB̄ þ P2EWDB̄Þ; ðA15Þ

while those for ΔS ¼ 1 transitions are given by

AðB− → Σ�0p̄Þ ¼ T 0
1DB̄

− P0
DB̄

þ 1

3
ð3P0

1EWDB̄
þ P0

2EWDB̄
Þ − A0

DB̄
;

AðB− → Σ�−n̄Þ ¼ −
ffiffiffi
2

p
P0
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

−
ffiffiffi
2

p

3
ð3P0

1EWDB̄
þ P0

2EWDB̄
Þ þ

ffiffiffi
2

p
A0
DB̄

;

AðB− → Ξ�−Σ0Þ ¼ −P0
DB̄

þ 1

3
P0
2EWDB̄

− A0
DB̄

;

AðB− → Ω−Ξ0Þ ¼
ffiffiffi
6

p
P0
DB̄

−
ffiffiffi
2

3

r
P0
2EWDB̄

þ
ffiffiffi
6

p
A0
DB̄

;

AðB− → Ξ�−Λ̄Þ ¼
ffiffiffi
3

p
P0
DB̄

−
1ffiffiffi
3

p P0
2EWDB̄

þ
ffiffiffi
3

p
A0
DB̄

; ðA16Þ
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AðB̄0 → Σ�þp̄Þ ¼
ffiffiffi
2

p
T 0
2DB̄

þ
ffiffiffi
2

p
P0
DB̄

þ 2
ffiffiffi
2

p

3
P0
2EWDB̄

;

AðB̄0 → Σ�0n̄Þ ¼ T 0
1DB̄

þ T 0
2DB̄

þ P0
DB̄

þ 1

3
ð3P0

1EWDB̄
þ 2P0

2EWDB̄
Þ;

AðB̄0 → Ξ�0Σ0Þ ¼ T 0
1DB̄

− P0
DB̄

þ 1

3
ð3P0

1EWDB̄
þ P0

2EWDB̄
Þ;

AðB̄0 → Ξ�−Σ−Þ ¼ −
ffiffiffi
2

p
P0
DB̄

þ
ffiffiffi
2

p

3
P0
2EWDB̄

;

AðB̄0 → Ω−Ξ−Þ ¼ −
ffiffiffi
6

p
P0
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

−
1ffiffiffi
3

p ðP0
1EWDB̄

þ P0
2EWDB̄

Þ; ðA17Þ

and

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

−
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 1

3
ffiffiffi
2

p P0
2EWDB̄

−
1ffiffiffi
2

p E0
DB̄

;

AðB̄0
s → Σ�−Σ−Þ ¼

ffiffiffi
2

p
P0
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

3
ð3P0

1EWDB̄
þ 2P0

2EWDB̄
Þ þ

ffiffiffi
2

p
E0
DB̄

;

AðB̄0
s → Ξ�−Ξ−Þ ¼

ffiffiffi
2

p
P0
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

: ðA18Þ

4. B̄ to decuplet-anti-decuplet baryonic decays

The full B̄ → 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 4ffiffiffi

3
p PEWDD̄ þ 2

ffiffiffi
3

p
ADD̄;

AðB− → Δ0ΔþÞ ¼ 2TDD̄ þ 4PDD̄ þ 2

3
PEWDD̄ þ 4ADD̄;

AðB− → Δ−Δ0Þ ¼ 2
ffiffiffi
3

p
PDD̄ −

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

ffiffiffi
2

p

3
PEWDD̄ þ 2

ffiffiffi
2

p
ADD̄;

AðB− → Σ�−Σ�0Þ ¼ 2
ffiffiffi
2

p
PDD̄ −

2
ffiffiffi
2

p

3
PEWDD̄ þ 2

ffiffiffi
2

p
ADD̄;

AðB− → Ξ�−Ξ�0Þ ¼ 2PDD̄ −
2

3
PEWDD̄ þ 2ADD̄; ðA19Þ
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AðB̄0 → ΔþþΔþþÞ ¼ 6EDD̄ þ 18PADD̄;

AðB̄0 → ΔþΔþÞ ¼ 2TDD̄ þ 2PDD̄ þ 4

3
PEWDD̄ þ 4EDD̄ þ 18PADD̄;

AðB̄0 → Δ0Δ0Þ ¼ 2TDD̄ þ 4PDD̄ þ 2

3
PEWDD̄ þ 2EDD̄ þ 18PADD̄;

AðB̄0 → Δ−Δ−Þ ¼ 6PDD̄ − 2PEWDD̄ þ 18PADD̄;

AðB̄0 → Σ�þΣ�þÞ ¼ 4EDD̄ þ 18PADD̄;

AðB̄0 → Σ�0Σ�0Þ ¼ TDD̄ þ 2PDD̄ þ 1

3
PEWDD̄ þ 2EDD̄ þ 18PADD̄;

AðB̄0 → Σ�−Σ�−Þ ¼ 4PDD̄ −
4

3
PEWDD̄ þ 18PADD̄;

AðB̄0 → Ξ�0Ξ�0Þ ¼ 1

3
EDD̄ þ 18PADD̄;

AðB̄0 → Ξ�−Ξ�−Þ ¼ 2PDD̄ −
2

3
PEWDD̄ þ 18PADD̄;

AðB̄0 → Ω−Ω−Þ ¼ 18PADD̄; ðA20Þ

and

AðB̄0
s → ΔþΣ�þÞ ¼ 2TDD̄ þ 2PDD̄ þ 4

3
PEWDD̄;

AðB̄0
s → Δ0Σ�0Þ ¼

ffiffiffi
2

p
TDD̄ þ 2

ffiffiffi
2

p
PDD̄ þ

ffiffiffi
2

p

3
PEWDD̄;

AðB̄0
s → Δ−Σ�−Þ ¼ 2

ffiffiffi
3

p
PDD̄ −

2ffiffiffi
3

p PEWDD̄;

AðB̄0
s → Σ�0Ξ�0Þ ¼

ffiffiffi
2

p
TDD̄ þ 2

ffiffiffi
2

p
PDD̄ þ

ffiffiffi
2

p

3
PEWDD̄;

AðB̄0
s → Σ�−Ξ�−Þ ¼ 4PDD̄ −

4

3
PEWDD̄;

AðB̄0
s → Ξ�−Ω−Þ ¼ 2

ffiffiffi
3

p
PDD̄ −

2ffiffiffi
3

p PEWDD̄; ðA21Þ

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 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

ffiffiffi
2

p

3
P0
EWDD̄ þ 2

ffiffiffi
2

p
A0
DD̄;

AðB− → Σ�−Δ0Þ ¼ 2P0
DD̄ −

2

3
P0
EWDD̄ þ 2A0

DD̄;

AðB− → Ξ�0Σ�þÞ ¼ 2T 0
DD̄

þ 4P0
DD̄

þ 2

3
P0
EWDD̄

þ 4A0
DD̄

;

AðB− → Ξ�−Σ�0Þ ¼ 2
ffiffiffi
2

p
P0
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 −

2ffiffiffi
3

p P0
EWDD̄ þ 2

ffiffiffi
3

p
A0
DD̄; ðA22Þ
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AðB̄0 → Σ�þΔþÞ ¼ 2T 0
DD̄ þ 2P0

DD̄ þ 4

3
P0
EWDD̄;

AðB̄0 → Σ�0Δ0Þ ¼
ffiffiffi
2

p
T 0
DD̄ þ 2

ffiffiffi
2

p
P0
DD̄ þ

ffiffiffi
2

p

3
P0
EWDD̄;

AðB̄0 → Σ�−Δ−Þ ¼ 2
ffiffiffi
3

p
P0
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
ffiffiffi
2

p

3
P0
EWDD̄

;

AðB̄0 → Ξ�−Σ�−Þ ¼ 4P0
DD̄

−
4

3
P0
EWDD̄

;

AðB̄0 → Ω−Ξ�−Þ ¼ 2
ffiffiffi
3

p
P0
DD̄ −

2ffiffiffi
3

p P0
EWDD̄; ðA23Þ

and

AðB̄0
s → ΔþþΔþþÞ ¼ 6E0

DD̄ þ 18PA0
DD̄;

AðB̄0
s → ΔþΔþÞ ¼ 4E0

DD̄ þ 18PA0
DD̄;

AðB̄0
s → Δ0Δ0Þ ¼ 2E0

DD̄ þ 18PA0
DD̄;

AðB̄0
s → Δ−Δ−Þ ¼ 18PA0

DD̄
;

AðB̄0
s → Σ�þΣ�þÞ ¼ 2T 0

DD̄
þ 2P0

DD̄
þ 4

3
P0
EWDD̄

þ 4E0
DD̄

þ 18PA0
DD̄

;

AðB̄0
s → Σ�0Σ�0Þ ¼ T 0

DD̄
þ 2P0

DD̄
þ 1

3
P0
EWDD̄

þ 2E0
DD̄

þ 18PA0
DD̄

;

AðB̄0
s → Σ�−Σ�−Þ ¼ 2P0

DD̄ −
2

3
P0
EWDD̄ þ 18PA0

DD̄;

AðB̄0
s → Ξ�0Ξ�0Þ ¼ 2T 0

DD̄ þ 4P0
DD̄ þ 2

3
P0
EWDD̄ þ 2E0

DD̄ þ 18PA0
DD̄;

AðB̄0
s → Ξ�−Ξ�−Þ ¼ 4P0

DD̄ −
4

3
P0
EWDD̄ þ 18PA0

DD̄;

AðB̄0
s → Ω−Ω−Þ ¼ 6PDD̄ − 2PEWDD̄ þ 18PA0

DD̄: ðA24Þ

APPENDIX B: FORMULAS FOR DECAY AMPLITUDES AND RATES

In general the decay amplitudes of B̄ to final states with octet baryon (B) and decuplet baryons (D) can be expressed
as [7]

AðB̄ → B1B̄2Þ ¼ ū1ðABB̄ þ γ5BBB̄Þv2;

AðB̄ → D1B̄2Þ ¼ i
qμ

mB
ūμ1ðADB̄ þ γ5BDB̄Þv2;

AðB̄ → B1D̄2Þ ¼ i
qμ

mB
ū1ðABD þ γ5BBDÞvμ2;

AðB̄ → D1D̄2Þ ¼ ūμ1ðADD̄ þ γ5BDD̄Þv2μ þ
qμqν

m2
B
ūμ1ðCDD̄ þ γ5DDD̄Þv2ν; ðB1Þ

where q ¼ p1 − p2 and uμ, vμ are the Rarita-Schwinger vector spinors for a spin-3
2
particle, where [39]
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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 usual polarization vector and uðsÞ the spinor.
Note that

q · ϵðλÞ1;2 ¼∓ δλ;0mBpc=m1;2; ðB3Þ

where pc is the baryon momentum in the B rest frame
and ϵ�1ð0Þ · ϵ2ð0Þ ¼ ðm2

B −m2
1 −m2

2Þ=2m1m2 is the largest
product among ϵ�1ðλ1Þ · ϵ2ðλ2Þ. We can now express the
amplitudes in Eq. (B1) as

AðB̄ → D1B̄2Þ ¼ −i
ffiffiffi
2

3

r
pcm

m1

ū1ðADB̄ þ γ5BDB̄Þv2;

AðB̄ → B1D̄2Þ ¼ i

ffiffiffi
2

3

r
pcm

m2

ū1ðABD þ γ5BBDÞv2;

AðB̄ → D1D̄2Þ≃ m2
B

3m1m2

ū1ðA0
DD̄ þ γ5B0

DD̄Þv2; ðB4Þ

where A0
DD̄ ¼ ADD̄ − 2ðpcm=mBÞ2CDD̄ and B0

DD̄ ¼ BDD̄ −
2ðpcm=mBÞ2DDD̄ and decuplets are only or dominantly in

the� 1
2
-helicity states. All four B̄ → B1B̄2 (BB̄ ¼ BB̄,DB̄,

BD, DD̄) decays can be effectively expressed as

AðB̄ → B1B̄2Þ ¼ ū1ðAþ γ5BÞv2; ðB5Þ
and the rates are given by

ΓðB̄ → B1B̄2Þ ¼
pcm

8πm2
B
½ð2m2

B − 2ðmB1
þmB1

Þ2ÞA2

þ ð2m2
B − 2ðmB1

−mB1
Þ2ÞB2�; ðB6Þ

where

ABB̄ ¼ ABB̄; ABD̄ ¼ i

ffiffiffi
2

3

r
pcm

mD̄
ADB̄;

ADB̄ ¼ −i
ffiffiffi
2

3

r
pcm

mD
ABD̄; ADD̄ ¼ m2

B

3mDmD̄
A0
DD̄; ðB7Þ

and

BBB̄ ¼ BBB̄; BBD̄ ¼ i

ffiffiffi
2

3

r
pcm

mD̄
BDB̄;

BDB̄ ¼ −i
ffiffiffi
2

3

r
pcm

mD
BBD̄; BDD̄ ¼ m2

B

3mDmD̄
B0
DD̄

: ðB8Þ

Note that in the asymptotic limit, mB ≫ mB, one
has pcm → mB=2.
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