
Charmless semileptonic baryonic Bu;d;s decays

Chun-Khiang Chua
Department of Physics and Center for High Energy Physics, Chung Yuan Christian University,

Chung-Li, Taiwan 320, Republic of China

(Received 1 May 2023; accepted 11 August 2023; published 1 September 2023)

We study B̄q → BB̄0lν̄ and B̄q → BB̄0νν̄ decays with all low lying octet (B) and decuplet (D) baryons
using a topological amplitude approach. In tree-induced B̄q → BB̄0lν̄ decay modes, we need two tree

amplitudes and one annihilation amplitude in B̄q → BB̄0lν̄ decays, one tree amplitude in B̄q → BD̄lν̄

decays, one tree amplitude in B̄q → DB̄lν̄ decays and one tree amplitude and one annihilation amplitude in

B̄q → DD̄0lν̄ decays. In loop induced B̄q → BB̄0νν̄ decay modes, similar numbers of penguin-box and
penguin-box-annihilation amplitudes are needed. As the numbers of independent topological amplitudes
are highly limited, there are plenty of relations on these semileptonic baryonic Bq decay amplitudes.
Furthermore, the loop topological amplitudes and tree topological amplitudes have simple relations, as their
ratios are fixed by known Cabibbo-Kobayashi-Maskawa (CKM) factors and loop functions. It is observed
that the B− → pp̄μ−ν̄ differential rate exhibits threshold enhancement, which is expected to hold in all
other semileptonic baryonic modes. The threshold enhancement effectively squeezes the phase space
toward the threshold region and leads to very large SU(3) breaking effects in the decay rates. They are
estimated using the measured B− → pp̄μ−ν̄ differential rate and model calculations. From the model
calculations, we find that branching ratios of nonannihilation B̄q → BB̄0lν̄ modes are of the orders of

10−9–10−6, while branching ratios of nonpenguin-box-annihilation B̄q → BB̄0νν̄modes are of the orders of

10−12–10−8. Modes with relatively unsuppressed rates and good detectability are identified. These modes
can be searched experimentally in near future and the rate estimations can be improved when more modes
are discovered. Ratios of rates of some loop induced B̄q → BB̄0νν̄ decays and tree induced B̄q → BB̄0lν̄
decays are predicted and can be checked experimentally. They can be tests of the SM. Some implications on
B̄q → BB̄0lþl− decays are also discussed.

DOI: 10.1103/PhysRevD.108.056001

I. INTRODUCTION

Recently, there have been some experimental activities
on B̄ → BB̄0lν̄ and B̄ → BB̄0νν̄ decays, where BB̄0 are
baryon antibaryon pairs [1–5]. The present experimental
results are summarized in Table I. In particular, the
branching ratio of B− → pp̄μ−ν̄μ decay is measured to
be ð5.27þ0.23

−0.24 � 0.21� 0.15Þ × 10−6 by LHCb [3] and
BrðB− → pp̄lν̄Þ ¼ ð5.8þ2.6

−2.3Þ × 10−6 by Belle [2] (see also
[4]), while only upper limit of BrðB−→Λp̄νν̄Þ<3.0×10−5

was reported by BABAR [5].
Theoretically, the branching ratios of B̄ → BB̄0lν̄ decays

were estimated and predicted to be of the order of 10−6 to
10−4 [6,7]. Some recent studies are devoted to understand

the rate of the B− → pp̄lν̄ decay [8,9] as the measured rate
is roughly 20 times smaller than a previous theoretical
prediction [7], while the shape of the predicted differential
rate using QCD counting rules agrees well with data, which
exhibits threshold enhancement [3,7]. In this work we
will employ the approach of Refs. [10–13], which was
used to study two-body baryonic B decays, B̄ → BB̄0,
making use of the well established topological amplitude
formalism [14–24]. The decay amplitudes of B̄ → BB̄0lν̄
and B̄ → BB̄0νν̄ decays with all low lying octet (B) and
decuplet (D) baryons will be decomposed into combina-
tions of several topological amplitudes. As the numbers of
topological amplitudes are highly limited, there are many
relations of decay amplitudes.
It is well known that a decay rate strongly depends on the

masses of the final state particles when the decay is just
above the threshold. The rates may vary in orders of
magnitudes even if the amplitudes are of similar sizes.
One normally does not expect such behavior in Bq decays
when large phase spaces are available. From the
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experimental differential rate dBr=dmpp̄ of B− → pp̄μ−ν̄
decay from LHCb [3] as shown in Fig. 1, one can easily see
that the spectrum exhibits prominent threshold enhance-
ment, which is a comment feature in three or more body
baryonic Bq decays [6–9,25–29]. Threshold enhancement
is expected to hold in all other semileptonic baryonic
modes considered in this work as well. The threshold
enhancement effectively squeezes the phase space to the
threshold region, see Fig. 1, and thus mimics the decay just
above threshold situation. Consequently, it amplifies the
effects of SU(3) breaking in final state baryon masses and
can lead to very large SU(3) breaking effects in the decay
rates. The SU(3) breakings in the decay rates from
threshold enhancements will be estimated using the mea-
sured B− → pp̄μ−ν̄ differential rate and model calculations
with available theoretical inputs from Refs. [8,9],
which can reproduce the measured B− → pp̄μ−ν̄ differ-
ential rate.
We will try to identify modes with relatively unsup-

pressed rates and good detectability. The estimation on

rates can be improved when more modes are discovered.
Recently hints of new physics effects in rare B decays are
accumulating, see, for example, [30–32]. Given the present
situation and the fact that B̄ → BB̄0lν̄ decays are tree
induced decay modes, while B̄ → BB̄0νν̄ decays are loop
induced decay modes, it will be interesting and useful to
identify B̄ → BB̄0νν̄ and B̄ → BB̄0lν̄ decay modes which
have good detectability. Their rate ratios, especially,
those insensitive to the modeling of SU(3) breaking from
threshold enhancement, can be tests of the Standard
Model (SM).
The layout of this paper is as following. We give the

formalism for decomposing amplitudes in terms of topo-
logical amplitudes and modeling of the topological ampli-
tudes in Sec. II. In Sec. III, results on decay amplitudes in
term of topological amplitudes, relations of decay ampli-
tudes and decay rates are provided. Conclusion and
discussions are given in Sec. IV, where some comments
on B̄q → BB̄0lþl− decays will also be given. Appendix A
concerning the transition matrix elements in the asymptotic
limit and Appendix B with some useful formulas for
calculating 4-body decay rates are added at the end of
the paper.

II. FORMALISM

A. Topological amplitudes

The decay amplitudes of B̄q → BB̄0lν̄ and B̄q → BB̄0νν̄
decays are given by [7,33]

AðB̄q → BB̄0lν̄Þ ¼ GFffiffiffi
2

p VubhBB̄0jūLγμbLjB̄qil̄LγμνL;

AðB̄q → BB̄0νν̄Þ ¼ GFffiffiffi
2

p αem
2πsin2θW

V�
tsVtbDðm2

t =m2
WÞ

× hBB̄0js̄LγμbLjB̄qiν̄LγμνL; ð1Þ

where Vub, Vts and Vtb are Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements, DðxÞ, D0ðxÞ, and D1ðxÞ are loop
functions with [34]

FIG. 1. The experimental differential rate dBr=dmpp̄ of B− →
pp̄μ−ν̄ decay from LHCb [3] exhibits threshold enhancement.
The threshold enhancement effectively squeezes the phase space
toward the threshold region.

TABLE I. Experimental results of B− → BB̄0lν̄ and BB̄0νν̄ branching ratios. The upper limits are at
90% confidence level.

Mode Branching ratio References

B− → pp̄e−ν̄e ð5.8� 3.7� 3.6Þ × 10−4 ð< 5.2 × 10−3Þ CLEO [1]
ð8.2þ3.7

−3.2 � 0.6Þ × 10−6 Belle [2]

ð8.2þ4.0
−3.3Þ × 10−6 PDG [4]

B− → pp̄μ−ν̄μ ð3.1þ3.1
−2.4 � 0.7Þ × 10−6 Belle [2]

ð5.27þ0.23
−0.24 � 0.21� 0.15Þ × 10−6 LHCb [3]
ð5.32� 0.34Þ × 10−6 PDG [4]

B− → pp̄lν̄ðl ¼ e; μÞ ð5.8þ2.6
−2.3Þ × 10−6 Belle [2], PDG [4]

B− → Λp̄νν̄ ð0.4� 1.1� 0.6Þ × 10−5 ð< 3.0 × 10−5Þ BABAR [5]
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DðxÞ ¼ D0ðxÞ þ
αs
4π

D1ðxÞ;

D0ðxÞ ¼
x
8

�
−
2þ x
1 − x

þ 3x − 6

ð1 − xÞ2 ln x
�
;

D1ðxÞ ¼ −
23xþ 5x2 − 4x3

3ð1 − xÞ2 þ x − 11x2 þ x3 þ x4

ð1 − xÞ3 ln x

þ 8xþ 4x2 þ x3 − x4

2ð1 − xÞ3 ln2 x

−
4x − x3

ð1 − xÞ2 Li2ð1 − xÞ þ 8x
dD0ðxÞ
dx

ln
μ2

m2
W
: ð2Þ

Note that the B̄q → BB̄0lν̄ decay is governed by the matrix
element, hBB̄0jūLγμbLjB̄qi, while the B̄q → BB̄0νν̄ decay
is governed by the matrix element, hBB̄0js̄LγμbLjB̄qi.
These two matrix elements are difficult to calculate as
they involve baryon pairs BB̄0 in the final state.
Nevertheless they are related by interchanging u and s
and, hence, can be related by SU(3) transformations.
It is known that topological amplitude approach is

related to SU(3) approach [14,16,18]. We follow the
approach similar to the one employed in the study of B̄q →
BB̄0 decays [10–13] to decompose B̄q → BB̄0lν̄ andBB̄0νν̄
decay amplitudes into topological amplitudes.
From Eq. (1), we see that the Hamiltonian governing

B̄q → BB̄0lν̄ decays has the following flavor structure,

ðūbÞ ¼ Hi
Tðq̄ibÞ; ð3Þ

with

H1
T ¼ 1; otherwise Hi

T ¼ 0; ð4Þ

where we take q1;2;3 ¼ u, d, s as usual. Similarly, the
Hamiltonian governing B̄q → BB̄0νν̄ decays has the fol-
lowing flavor structure,

ðs̄bÞ ¼ Hk
PBðq̄kbÞ; ð5Þ

with

H3
PB ¼ 1; otherwise Hk

PB ¼ 0: ð6Þ

These HT and HPB will be used as spurion fields in the
following constructions of effective Hamiltonian, Heff .
We shall start with B̄q → DD̄0lν̄ decays with D the low-

lying decuplet baryon. The flavor flow diagram for a B̄q →
BB̄0lν̄ decay is given in Fig. 2. Note that in the case of a
B̄q → DD̄0lν̄ decay, the qiqjql and q̄lq̄jq̄m flavors as shown
in Fig. 2 correspond to the following fields,

qiqjql → D̄ijl; q̄lq̄jq̄m → Djlm; ð7Þ

in the Hamiltonian, respectively, where Djlm denotes the
familiar decuplet field, and, explicitly, we have D111 ¼
Δþþ, D112 ¼ Δþ=

ffiffiffi
3

p
, D122 ¼ Δ0=

ffiffiffi
3

p
, D222 ¼ Δ−,

D113 ¼ Σ�−=
ffiffiffi
3

p
, D123 ¼ Σ�0=

ffiffiffi
6

p
, D223 ¼ Σ�−=

ffiffiffi
3

p
,

D133 ¼ Ξ�0=
ffiffiffi
3

p
, D233 ¼ Ξ�−=

ffiffiffi
3

p
, and D333 ¼ Ω− (see,

for example [35]). By using the above correspondent
rule, we obtain the following effective Hamiltonian for
B̄q → DD̄0lν̄ decays,

HeffðB̄q → DD̄lν̄Þ ¼ 6TDD̄B̄mHi
TD̄ijlDljm

þ ADD̄B̄iHi
TD̄mjlDljm; ð8Þ

with B̄m ¼ ðB−; B̄0; B̄0
sÞ. Without lost of generality, the

prefactors are assigned for latter purpose.
For the B̄q → DB̄lν̄ decays, we note that the antioctet

final state is produced by the Bj
k field with [35]

B ¼

0
BBBB@

Σ0ffiffi
2

p þ Λffiffi
6

p Σþ p

Σ− − Σ0ffiffi
2

p þ Λffiffi
6

p n

Ξ− Ξ0 −
ffiffi
2
3

q
Λ

1
CCCCA; ð9Þ

where Bj
k has the following flavor structure qjqaqbϵabk −

1
3
δjkq

cqaqb [35]. To match the flavor of q̄lq̄jq̄m in the final
state as shown in Fig. 2, we use

FIG. 2. Topological diagrams of (a) T (tree) and (b) A (anni-
hilation) amplitudes in B̄q → BB̄0lν̄ decays and (c) PB (penguin
and box) and (d) PBA (penguin-box annihilation) amplitudes in
B̄q → BB̄0νν̄ decays. These are flavor flow diagrams, where
gluon lines are not shown.
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q̄lq̄jq̄m → ϵljbBm
b ; ϵlbmBj

b; ϵbjmBl
b; ð10Þ

which are, however, not totally independent, as it canbe easily
shown that they are subjected to the following relation,

ϵljbBm
b þ ϵlbmBj

b þ ϵbjmBl
b ¼ 0: ð11Þ

Hencewe only need two of the terms in the right-hand-side of
Eq. (10), and,without loss of generality, the first two terms are
chosen. The effective Hamiltonian of the B̄ → DB̄lν̄ decays
can be obtained by replacing Dljm in Eq. (8) by ðB1Þljm ≡
ϵljbBm

b and ðB2Þljm ≡ ϵbjmBl
b, and, consequently, we have

HeffðB̄q → DB̄lν̄Þ ¼
ffiffiffi
6

p
T1DB̄B̄mHi

TD̄ijlϵ
ljbBm

b þ
ffiffiffi
6

p
T2DB̄B̄mHi

TD̄ijlϵ
bjmBl

b

þ
ffiffiffi
6

p
A1DB̄B̄iHi

TD̄mjlϵ
ljbBm

b þ
ffiffiffi
6

p
A2DB̄B̄iHi

TD̄mjlϵ
bjmBl

b; ð12Þ

where some pre-factors are introduced without lost of generality. Note that the T1DB̄, A1DB̄, and A2DB̄ terms are vanishing
and we only have

HeffðB̄q → DB̄lν̄Þ ¼
ffiffiffi
6

p
TDB̄B̄mHi

TD̄ijlϵ
bjmBl

b; ð13Þ

with T2DB̄ relabeled to TDB̄.
Similarly for B̄ → BD̄lν̄ decays, the qiqkql flavor in the final state corresponds to ϵikaB̄

a
l , ϵialB̄

a
k and ϵaklB̄

a
i , while the last

one is redundant, since it can be expressed by the formers using the following relation, ϵikaB̄a
l þ ϵialB̄a

k þ ϵaklB̄a
i ¼ 0.

Hence we replace the D̄ijl in Eq. (8) by ðB̄1Þijl ≡ ϵijaB̄a
l and ðB̄2Þijl ≡ ϵajlB̄a

i and obtain

HeffðB̄q → BD̄lν̄Þ ¼ −
ffiffiffi
6

p
T1BD̄B̄mHi

TϵijaB̄
a
lD

ljm −
ffiffiffi
6

p
T2BD̄B̄mHiϵajlB̄a

iD
ljm

−
ffiffiffi
6

p
A1BD̄B̄iHi

TϵmjaB̄a
lD

ljm −
ffiffiffi
6

p
A2BD̄B̄iHiϵajlB̄a

mDljm

¼ −
ffiffiffi
6

p
TBD̄B̄mHi

TϵijaB̄
a
lD

ljm ð14Þ

where the T2BD̄, A1BD̄, and A2BD̄ terms in the equation are vanishing as ϵajlDljm ¼ ϵajlDljm ¼ 0, and T1BD̄ is relabeled to
TBD̄ in the last step.
To obtain the effective Hamiltonian of B̄q → BB̄lν̄ decays, we first replace D̄ijl and Dljm in Eq. (8) by ðB̄1Þijl ≡ ϵijaB̄a

l ,
ðB̄2Þijl ≡ ϵaklB̄a

i , and ðB1Þlim ≡ ϵljbBm
b , ðB2Þlim ≡ ϵbjmBl

b, respectively, and obtain

HeffðB̄q → BB̄lν̄Þ ¼ −T11BB̄B̄mHi
TðB̄1ÞijlðB1Þljm − T12BB̄B̄mHi

TðB̄1ÞijlðB2Þljm
− T21BB̄B̄mHi

TðB̄2ÞijlðB1Þljm − T22BB̄B̄mHi
TðB̄2ÞijlðB2Þljm

− A11BB̄B̄iHi
TðB̄1ÞmjlðB1Þljm − A12BB̄B̄iHi

TðB̄1ÞmjlðB2Þljm
− A21BB̄B̄iHi

TðB̄2ÞmjlðB1Þljm − A22BB̄B̄iHi
TðB̄2ÞmjlðB2Þljm: ð15Þ

Using the following identity

−2ðB̄1ÞijlðB1Þljm ¼ ðB̄2ÞijlðB1Þljm ¼ −2ðB̄2ÞijlðB2Þljm;
−2ðB̄1ÞmjlðB1Þljm ¼ ðB̄1ÞmjlðB2Þljm ¼ ðB̄2ÞmjlðB1Þljm ¼ −2ðB̄2ÞmjlðB2Þljm; ð16Þ

the above Hamiltonian can be expressed as

HeffðB̄q → BB̄lν̄Þ ¼ ð−T11BB̄ þ 2T21BB̄ − T22BB̄ÞB̄mHi
TðB̄1ÞijlðB1Þljm − T12BB̄B̄mHi

TðB̄1ÞijlðB2Þljm
þ ðA11BB̄ − 2A12BB̄ − 2A21BB̄ þ A22BB̄ÞB̄iHi

TðB̄1ÞmjlðB1Þljm
¼ −T1BB̄B̄mHi

TϵijaB̄
a
l ϵ

bjmBl
b þ T2BB̄B̄mHi

TϵijaB̄
a
l ϵ

ljbBm
b þ ABB̄B̄iHi

TϵmjaB̄a
l ϵ

ljbBm
b ; ð17Þ

where the topological amplitudes are redefined as following
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T1BB̄ ≡ T12BB̄;

T2BB̄ ≡ −T11BB̄ þ 2T21BB̄ − T22BB̄;

ABB̄ ≡ A11BB̄ − 2A12BB̄ − 2A21BB̄ þ A22BB̄: ð18Þ

With this all effective Hamiltonians of B̄q → BB̄0lν̄ decays with low-lying octet and decuplet baryons are obtained.
The effective Hamiltonian of the B̄q → BB̄0νν̄ decays can be obtained similarly. We simply give the results in the

following equation,

HeffðB̄q → DD̄νν̄Þ ¼ 6PBDD̄B̄mHk
PBD̄kjlDljm þ PBADD̄B̄kHk

PBD̄mjlDljm;

HeffðB̄q → DB̄νν̄Þ ¼
ffiffiffi
6

p
PBDB̄B̄mHk

PBD̄kjlϵ
bjmBl

b;

HeffðB̄q → BD̄νν̄Þ ¼ −
ffiffiffi
6

p
PBBD̄B̄mHk

PBϵkjaB̄
a
lD

ljm;

HeffðB̄q → BB̄νν̄Þ ¼ −PB1BB̄B̄mHk
PBϵkjaB̄

a
l ϵ

bjmBl
b þ PB2BB̄B̄mHk

PBϵkjaB̄
a
l ϵ

ljbBm
b þ PBABB̄B̄kHk

PBϵmjaB̄a
l ϵ

ljbBm
b : ð19Þ

In summary the effective Hamiltonians of B̄q → BB̄0lν̄
andBB̄0νν̄ decays for low-lying octet and decuplet baryons
are obtained and are shown in Eqs. (8), (13), (14), (17), and
(19). The decay amplitudes can be obtained readily by using
these effective Hamiltonians. The results of decay ampli-
tudes in terms of these topological amplitudes and relations
on the amplitudes will be given explicitly in the next section.
Before we end this section it is important to note that, as

shown in Eq. (1), the topological amplitudes PB and T and
the topological amplitudes PBA and A should be related in
the following manner,

ζ≡PBiBB̄

TiBB̄
¼ PBABB̄

ABB̄
¼ PBBD̄

TBD̄
¼ PBDB̄

TDB̄
¼ PBDD̄

TDD̄
¼ PBADD̄

ADD̄

¼ αem
2π sin2 θW

V�
tsVtb

Vub
Dðm2

t =m2
WÞ; ð20Þ

where numerically we use jVubj ¼ 0.0036 and have
ζ ¼ −0.037eiϕ3 , with ϕ3 ¼ ð65.5þ1.3

−1.1Þ° one of the unitary
angle in the CKM matrix [36].

B. Modeling the topological amplitudes

In addition to the above decompositions of amplitudes
in terms of topological amplitudes, it will be useful
to have some numerical results on rates. We will use the
available theoretical inputs from Refs. [8,9] in our model-
ing of the topological amplitudes and we denote them as
model 1 and model 2, respectively. They are used as
illustration and can be improved when more data are
available.
In general the topological amplitudes T1BB̄, T2BB̄, and

ABB̄ in B̄q → BB̄0lν̄ decays can be expressed as

TiBB̄ ¼ i
GFffiffiffi
2

p Vubl̄LγμνLūðpBÞf½gðiÞ1 γμ þ igðiÞ2 σμνqν þ gðiÞ3 qμ þ gðiÞ4 ðpB þ pB̄0 Þμ þ gðiÞ5 ðpB − pB̄0 Þμ�γ5

− ½fðiÞ1 γμ þ ifðiÞ2 σμνqν þ fðiÞ3 qμ þ fðiÞ4 ðpB þ pB̄0 Þμ þ fðiÞ5 ðpB − pB̄0 Þμ�gvRðpB̄0 Þ;

ABB̄ ¼ i
GFffiffiffi
2

p Vubl̄LγμνLūðpBÞf½gðaÞ1 γμ þ igðaÞ2 σμνqν þ gðaÞ3 qμ þ gðaÞ4 ðpB þ pB̄0 Þμ þ gðaÞ5 ðpB − pB̄0 Þμ�γ5

− ½fðaÞ1 γμ þ ifðaÞ2 σμνqν þ fðaÞ3 qμ þ fðaÞ4 ðpB þ pB̄0 Þμ þ fðaÞ5 ðpB − pB̄0 Þμ�gvRðpB̄0 Þ; ð21Þ

with q≡ pBq
− pB − pB̄0 , i ¼ 1, 2, j ¼ 1;…; 5, and fðiÞj , gðiÞj , fðaÞj , and gðaÞj denoting form factors. Similarly the topological

amplitudes of B̄q → BD̄lν̄ and B̄q → DB̄lν̄ decays can be expressed as

TBD̄ ¼ i
GFffiffiffi
2

p Vubl̄LγμνLūðpD; λBÞf½g01pBνγμ þ ig02σμρpBνqρ þ g03pBνqμ þ g04pBνpBμ þ g05gνμ þ g06qνγμ

þ ig07σμρqνq
ρ þ g08qνqμ þ g09qνpBμ�γ5 − ½f01pBνγμ þ if02σμρpBνqρ þ f03pBνqμ

þ f04pBνpBμ þ f05gνμ þ f06qνγμ þ if07σμρqνq
ρ þ f08qνqμ þ f09qνpBμ�gvνðpD̄; λD̄Þ; ð22Þ

and
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TDB̄ ¼ i
GFffiffiffi
2

p Vubl̄LγμνLūνðpD; λDÞf½g001pB̄νγμ þ ig002σμρpB̄νq
ρ þ g003pB̄νqμ þ g004pB̄νpB̄μ þ g005gνμ þ g006qνγμ

þ ig007σμρqνq
ρ þ g008qνqμ þ g009qνpB̄μ�γ5 − ½f001pB̄νγμ þ if002σμρpB̄νq

ρ þ f003pB̄νqμ

þ f004pB̄νpB̄μ þ f005gνμ þ f006qνγμ þ if007σμρqνq
ρ þ f008qνqμ þ f009qνpB̄μ�gvðpB̄; λB̄Þ; ð23Þ

where uμ, vμ are the Rarita-Schwinger vector spinors. Finally the tree topological amplitude for B̄q → DD̄0lν̄ decay is
given by

TDD̄ ¼ i
GFffiffiffi
2

p Vubl̄LγμνLūνðpD; λDÞf½g0001 γμ þ ig0002 σμρq
ρ þ g0003 qμ þ g0004 ðpD þ pD̄0 Þμ þ g0005 ðpD − pD̄0 Þμ�γ5

− ½f0001 γμ þ if0002 σμνq
ν þ f0003 qμ þ f0004 ðpD þ pD̄0 Þμ þ f0005 ðpD − pD̄0 Þμ�gvνðpD̄; λD̄Þ þ…; ð24Þ

where terms such as ūνpν
D̄
f…gpDσuσ , ūνqνf…gpDσuσ,

ūνpν
D̄
f…gqσuσ, ūνqνf…gqσuσ are not shown explicitly in

the above equation. The annihilation amplitude ADD̄ can be
expressed similarly. Topological amplitudes for loop in-
duced B̄q → BB̄0νν̄ decays can be obtained using the above
equations and Eq. (20).
The topological amplitudes for B̄q → BB̄0lν̄ decays are

given in Eq. (21). For illustration we follow Refs. [8,9]
to use

gðiÞj ¼ GðiÞ
j

t3
; fðiÞj ¼

FðiÞ
fj

t3
; gðaÞj ¼ fðaÞj ¼ 0; ð25Þ

where GðiÞ
j and FðiÞ

j are some constants to be specified later,
t≡m2

BB̄0 and the last equation corresponds to the ABB̄ ¼
PBABB̄ ¼ 0 case. The values of the constants GðiÞ

j and FðiÞ
j

are extracted from Refs. [8,9] but slightly modified to match
the asymptotic relations in Appendix A, where it is known
that there are asymptotic relations [37] in the matrix
elements of octet and decuplet baryons in the large momen-
tum transfer region, and to match the B− → pp̄lν̄ data.

In fact we find that the corresponding FðiÞ
3;4;5 used in Ref. [8]

do not satisfy the correct asymptotic relations, which can

however be satisfied by adding a minus sign to their FðiÞ
3;4;5.

Nevertheless as we shall see that the modification do not
significantly affect the B− → BB̄0lν̄ rates.

The values of GðiÞ
j and FðiÞ

j are shown in Table II.

Explicitly we use GðiÞ
1 ¼η1mBðeðiÞk CLL−eðiÞk CRRÞ=3,

FðiÞ
1 ¼ η1mBðeðiÞk CLL þ eðiÞk CRRÞ=3, GðiÞ

2;3;4;5¼−FðiÞ
2;3;4;5¼

−η1×2eðiÞF CLR=3with ðCLL; CRR; CLRÞ ¼ ð17.78; −11.67;
6.41Þ GeV4 [8] for model 1, and GðiÞ

1 ¼η2mBðeðiÞk Dk−

eðiÞk DkÞ=3, FðiÞ
1 ¼ η2mBðeðiÞk Dk þ eðiÞk DkÞ=3, GðiÞ

2;3;4;5 ¼
−FðiÞ

2;3;4;5 ¼ −η2 × 2eðiÞF D2;3;4;5=3 with ðDk;DkÞ¼
ð11.2;323.3ÞGeV5 and D2;3;4;5 ¼ ð47.7; 442.2; −38.7;
−80.7Þ GeV4 [9] for model 2, where the factors η1 ¼
0.93 and η2 ¼ 0.75 are introduced to match the central

value of theB− → pp̄lν̄ data and eðiÞk;k;F are given in Eq. (A8).

Note that the sign ofD5 is flipped from the one fromRef. [9],

to match the definitions of form factors fðiÞ5 and gðiÞ5
in Eq. (21).
The topological amplitudes of B̄q → BD̄lν̄ and B̄q →

DB̄lν̄ decays are given in Eqs. (22) and (23). For simplicity,
we only concentrate on the contributions from g01;2;3;4;5,
f01;2;3;4;5, g001;2;3;4;5, and f001;2;3;4;5, by assuming that their
contributions are dominant. This working assumption
can be checked or relaxed when data of B̄q → BD̄lν̄ and
B̄q → DB̄lν̄ decays become available.
It is known that in the asymptotic limit form factors of

octet-octet and octet decuplet are related [37]. As shown
in Appendix A in the asymptotic limit TBD̄, TBD̄ and TiBB̄
are related and have similar structure. These impose
constrains on the form factors. For simplicity we assume
that these form factors have similar forms as the form
factors in Eq. (25). Using Eqs. (25), (A12), and (A8),
we have

g01;2;3;4 ¼
mD̄G

0
1;2;3;4

t4
; g05 ¼

mD̄G
0
5

t3
; f01;2;3;4 ¼

mD̄F
0
1;2;3;4

t4
; f05 ¼

mD̄F
0
5

t3
;

g001;2;3;4 ¼
mDG00

1;2;3;4

t4
; g005 ¼

mDG00
5

t3
; f001;2;3;4 ¼

mDF1;2;3;4

t4
; f005 ¼

mDF00
5

t3
; ð26Þ

with

CHUN-KHIANG CHUA PHYS. REV. D 108, 056001 (2023)

056001-6



G0
1;2;3 ¼ −

ffiffiffi
6

p
GðiÞ

1;2;3; G0
4 ¼ −

ffiffiffi
6

p
ðGðiÞ

4 þGðiÞ
5 Þ; G0

5 ¼
ffiffiffi
3

2

r
ðGðiÞ

4 −GðiÞ
5 Þ;

F0
1;2;3 ¼ −

ffiffiffi
6

p
FðiÞ
1;2;3; F0

4 ¼ −
ffiffiffi
6

p
ðFðiÞ

4 þ FðiÞ
5 Þ; F0

5 ¼
ffiffiffi
3

2

r
ðFðiÞ

4 − FðiÞ
5 Þ; ð27Þ

but with ðeðiÞk ; eðiÞk ; eðiÞF Þ in GðiÞ
j ; FðiÞ

j replaced by ðe0k; e0k; e
0
FÞ, and

G00
1;2;3 ¼ −

ffiffiffi
6

p
GðiÞ

1;2;3; G00
4 ¼

ffiffiffi
6

p
ðGðiÞ

5 −GðiÞ
4 Þ; G00

5 ¼
ffiffiffi
3

2

r
ðGðiÞ

4 þ GðiÞ
5 Þ;

F00
1;2;3 ¼ −

ffiffiffi
6

p
FðiÞ
1;2;3; F00

4 ¼
ffiffiffi
6

p
ðFðiÞ

5 − FðiÞ
4 Þ; F00

5 ¼
ffiffiffi
3

2

r
ðFðiÞ

4 þ FðiÞ
5 Þ; ð28Þ

but with ðeðiÞk ; eðiÞk ; eðiÞF Þ inGðiÞ
j ; FðiÞ

j replaced by ðe00k; e00k; e
00
FÞ.

Note that the above constants are related in the asymptotic
limit and, consequently, inputs from model 1 and 2 have
been used in the above relations. The values of these
constants in model 1 and 2 are given in Table III.
In the model calculations of B̄q → DD̄0lν and

DD̄0νν̄ decay rates, we use Eq. (24) for the tree topo-
logical amplitude, where we neglect terms, such
as ūνpν

D̄
f…gpDσuσ, ūνqνf…gpDσuσ , ūνpν

D̄
f…gqσuσ,

ūνqνf…gqσuσ , for simplicity. This working assumption
can be checked or modified once data is available. As in
B̄q → BB̄0lν̄ decays, we neglect the contribution from the
annihilation topological amplitude, ADD̄. Using Eqs. (25),
(A8), and (A13), the form factors are given by

g000j ¼ mDmD̄

G000
j

t4
; f000j ¼ mDmD̄

F000
j

t4
; ð29Þ

with

G000
j ¼ −3GðiÞ

j ; F000
j ¼ −3FðiÞ

j ; ð30Þ

but with ðeðiÞk ; eðiÞk ; eðiÞF Þ in GðiÞ
j ; FðiÞ

j replaced by

ðe000k ; e000k ; e
000
F Þ. Note that in the asymptotic limit the above

form factors are related to those in B̄q → BB̄0lν̄ decays via
Eq. (A8), and, consequently, inputs from model 1 and 2
have been used. The values of these constants in model 1
and 2 are given in Table IV.

III. RESULTS ON AMPLITUDES

A. Decay amplitudes in terms of topological amplitudes

Using the above Hamiltonian the decompositions of
amplitudes for B̄q → BB̄0lν̄,BD̄lν̄,DB̄lν̄,DD̄0lν̄, and B̄q →
BB̄0νν̄,BD̄νν̄,DB̄νν̄,DD̄0νν̄ decays are shown in Tables V–
VIII. These tables are some of the main results of this work.

TABLE II. Values of GðiÞ
j and FðiÞ

j for model 1 and model 2. They are extracted from Refs [8,9], respectively, but slightly modified to
match the asymptotic relations in Appendix A and to match the B− → pp̄lν̄ data.

Model Gð1Þ
1 ðGeV5Þ Gð1Þ

2 ðGeV4Þ Gð1Þ
3 ðGeV4Þ Gð1Þ

4 ðGeV4Þ Gð1Þ
5 ðGeV4Þ

Model 1 67.02 −1.98 −1.98 −1.98 −1.98
Model 2 −163.00 −11.90 −110.31 9.65 20.13

Model Gð2Þ
1 ðGeV5Þ Gð2Þ

2 ðGeV4Þ Gð2Þ
3 ðGeV4Þ Gð2Þ

4 ðGeV4Þ Gð2Þ
5 ðGeV4Þ

Model 1 96.90 9.89 9.89 9.89 9.89
Model 2 94.07 59.50 551.56 −48.27 −100.66

Model Fð1Þ
1 ðGeV5Þ Fð1Þ

2 ðGeV4Þ Fð1Þ
3 ðGeV4Þ Fð1Þ

4 ðGeV4Þ Fð1Þ
5 ðGeV4Þ

Model 1 −9.06 1.98 1.98 1.98 1.98
Model 2 168.59 11.90 110.31 −9.65 −20.13

Model Fð2Þ
1 ðGeV5Þ Fð2Þ

2 ðGeV4Þ Fð2Þ
3 ðGeV4Þ Fð2Þ

4 ðGeV4Þ Fð2Þ
5 ðGeV4Þ

Model 1 134.94 −9.89 −9.89 −9.89 −9.89
Model 2 −71.72 −59.50 −551.56 48.27 100.66
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As shown in Table V we have three topological ampli-
tudes, T2BB̄, T1BB̄, and ABB̄, in B̄q → BB̄0lν̄ decays, and
three topological amplitudes, PB2BB̄, PB1BB̄, and PBABB̄,
in B̄q → BB̄0νν̄ decays. As shown in Table VI we need one
topological amplitude, TBD̄, in B̄q → BD̄lν̄ decays, and
one topological amplitude, PBBD̄, in B̄q → BD̄νν̄ decays.
Similarly, as shown in Table VII we have one topological
amplitude, TDB̄, in B̄q → DB̄lν̄ decays, and one topologi-
cal amplitude, PBDB̄, in B̄q → DB̄νν̄ decays. Finally as
shown in Table VI we have two topological amplitude,
TDD̄ and ADD̄, in B̄q → DD̄0lν̄ decays, and two topological
amplitudes, PBDD̄ and PBADD̄, in B̄q → DD̄0νν̄ decays.
As the numbers of independent topological amplitudes

are highly limited comparing to the numbers of the decay
modes, there are plenty of relations on B̄q → BB̄0lν̄ and
BB̄0νν̄ decay amplitudes. These relations will be given in
the following discussion.

B. Relations of decay amplitudes

As noted previously since the number of topological
amplitudes are quite limited, relations of decay amplitudes

are expected. The following relations are obtained by using
the decomposition of amplitudes shown in Tables V, VI,
VII, and VIII.
In B̄q → BB̄0lν̄ decays, we have the following relations

on amplitudes,

AðB̄0→pn̄lν̄Þ¼AðB̄0
s →ΣþΞ0lν̄Þ¼

ffiffiffi
2

p
AðB̄0

s →Σ0Ξ−lν̄Þ;
ð31Þ

AðB− → nn̄lν̄Þ ¼ AðB− → Ξ0Ξ0lν̄Þ; ð32Þ

AðB̄0→Ξ0Ξ−lν̄Þ¼
ffiffiffi
2

p
AðB̄0

s →pΣ0lν̄Þ¼AðB̄0
s →nΣ−lν̄Þ;

ð33Þ

AðB− → pp̄lν̄Þ ¼ AðB− → ΣþΣþlν̄Þ; ð34Þ

AðB̄0→ΣþΣ0lν̄Þ¼−AðB̄0→Σ0Σ−lν̄Þ¼
ffiffiffi
3

p
AðB̄0

s →pΛ̄lν̄Þ;
ð35Þ

TABLE IV. Values of G000
i , F

000
i for model 1 and model 2.

Model G000
1 ðGeV5Þ G000

2 ðGeV4Þ G000
3 ðGeV4Þ G000

4 ðGeV4Þ G000
5 ðGeV4Þ

Model 1 −115.47 5.94 5.94 5.94 5.94
Model 2 115.96 35.70 330.94 −28.96 −60.39

Model F000
1 ðGeV5Þ F000

2 ðGeV4Þ F000
3 ðGeV4Þ F000

4 ðGeV4Þ F000
5 ðGeV4Þ

Model 1 −58.41 −5.94 −5.94 −5.94 −5.94
Model 2 −132.73 −35.70 −330.94 28.96 60.39

TABLE III. Values of G0
i, F

0
i, G

00
i , F

00
i for model 1 and model 2.

Model G0
1ðGeV5Þ G0

2ðGeV4Þ G0
3ðGeV4Þ G0

4ðGeV4Þ G0
5ðGeV4Þ

Model 1 −24.39 4.85 4.85 9.69 0
Model 2 −209.90 29.15 270.21 −72.96 −12.83

Model F0
1ðGeV5Þ F0

2ðGeV4Þ F0
3ðGeV4Þ F0

4ðGeV4Þ F0
5ðGeV4Þ

Model 1 −117.58 −4.85 −4.85 −9.69 0
Model 2 196.21 −29.15 −270.21 72.96 12.83

Model G00
1ðGeV5Þ G00

2ðGeV4Þ G00
3ðGeV4Þ G00

4ðGeV4Þ G00
5ðGeV4Þ

Model 1 −24.39 4.85 4.85 0 −4.85
Model 2 −209.90 29.15 270.21 25.66 36.48

Model F00
1ðGeV5Þ F00

2ðGeV4Þ F00
3ðGeV4Þ F00

4ðGeV4Þ F00
5ðGeV4Þ

Model 1 −117.58 −4.85 −4.85 0 4.85
Model 2 196.21 −29.15 −270.21 −25.66 −36.48
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ffiffiffi
2

p
AðB− → Σ0Λ̄lν̄Þ ¼

ffiffiffi
2

p
AðB− → ΛΣ0lν̄Þ ¼ AðB̄0 → ΣþΛ̄lν̄Þ

¼ AðB̄0 → ΛΣ−lν̄Þ; ð36Þ

AðB− → Σ−Σ−lν̄Þ ¼ AðB− → Ξ−Ξ−lν̄Þ; ð37Þ

and

AðB− → pp̄lν̄Þ ¼ AðB̄0 → pn̄lν̄Þ þ AðB− → nn̄lν̄Þ
¼ 2AðB− → Σ0Σ0lν̄Þ þ AðB− → Σ−Σ−lν̄Þ;

2
ffiffiffi
3

p
AðB− → Σ0Λ̄lν̄Þ ¼ AðB̄0 → pn̄lν̄Þ þ AðB̄0 → Ξ0Ξ−lν̄Þ;ffiffiffi
6

p
AðB− → ΛΛ̄lν̄Þ ¼ AðB̄0 → ΣþΛ̄lν̄Þ þ

ffiffiffi
6

p
AðB− → nn̄lν̄Þ;

−
ffiffiffi
6

p
AðB̄0

s → pΛ̄lν̄Þ ¼ 2AðB̄0
s → ΣþΞ0lν̄Þ − AðB̄0

s → nΣ−lν̄Þ;ffiffiffi
6

p
AðB̄0

s → ΛΞ−lν̄Þ ¼ AðB̄0
s → ΣþΞ0lν̄Þ − 2AðB̄0

s → nΣ−lν̄Þ: ð38Þ
Similarly, for B̄q → BB̄0νν̄ decays, we have

AðB− → Ξ0Σþνν̄Þ ¼
ffiffiffi
2

p
AðB− → Ξ−Σ0νν̄Þ ¼ −

ffiffiffi
2

p
AðB̄0 → Ξ0Σ0νν̄Þ

¼ AðB̄0 → Ξ−Σ−νν̄Þ; ð39Þ

TABLE V. Topological amplitudes for B̄q → BB̄0lν̄ and B̄q → BB̄0νν̄ decays.

Mode AðB̄q0 → BB̄0lν̄Þ Mode AðB̄q0 → BB̄0lν̄Þ
B− → pp̄lν̄ T1BB̄ þ T2BB̄ þ ABB̄ B− → nn̄lν̄ T1BB̄ þ ABB̄

B− → ΣþΣþlν̄ T1BB̄ þ T2BB̄ þ ABB̄ B− → Σ0Σ0lν̄ 1
2
ðT1BB̄ þ T2BB̄Þ þ ABB̄

B− → Σ−Σ−lν̄ ABB̄ B− → Ξ−Ξ−lν̄ ABB̄

B− → Σ0Λ̄lν̄ − 1

2
ffiffi
3

p ðT1BB̄ − T2BB̄Þ B− → Ξ0Ξ0lν̄ T1BB̄ þ ABB̄

B− → ΛΣ0lν̄ − 1

2
ffiffi
3

p ðT1BB̄ − T2BB̄Þ B− → ΛΛ̄lν̄ 1
6
ð5T1BB̄ þ T2BB̄Þ þ ABB̄

B̄0 → pn̄lν̄ T2BB̄ B̄0 → ΣþΣ0lν̄ − 1ffiffi
2

p ðT1BB̄ þ T2BB̄Þ
B̄0 → ΣþΛ̄lν̄ − 1ffiffi

6
p ðT1BB̄ − T2BB̄Þ B̄0 → Σ0Σ−lν̄ 1ffiffi

2
p ðT1BB̄ þ T2BB̄Þ

B̄0 → ΛΣ−lν̄ − 1ffiffi
6

p ðT1BB̄ − T2BB̄Þ B̄0 → Ξ0Ξ−lν̄ −T1BB̄

B̄0
s → pΣ0lν̄ − 1ffiffi

2
p T1BB̄ B̄0

s → pΛ̄lν̄ − 1ffiffi
6

p ðT1BB̄ þ 2T2BB̄Þ
B̄0
s → nΣ−lν̄ −T1BB̄ B̄0

s → ΣþΞ0lν̄ T2BB̄

B̄0
s → Σ0Ξ−lν̄ 1ffiffi

2
p T2BB̄ B̄0

s → ΛΞ−lν̄ 1ffiffi
6

p ð2T1BB̄ þ T2BB̄Þ

Mode AðB̄q0 → BB̄0νν̄Þ Mode AðB̄q0 → BB̄0νν̄Þ
B− → Σ0p̄νν̄ − 1ffiffi

2
p PB1BB̄ B− → Σ−n̄νν̄ −PB1BB̄

B− → Ξ0Σþνν̄ PB2BB̄ B− → Ξ−Σ0νν̄
1ffiffi
2

p PB2BB̄

B− → Ξ−Λ̄νν̄ 1ffiffi
6

p ð2PB1BB̄ þ PB2BB̄Þ B− → Λp̄νν̄ − 1ffiffi
6

p ðPB1BB̄ þ 2PB2BB̄Þ
B̄0 → Σþp̄νν̄ −PB1BB̄ B̄0 → Σ0n̄νν̄ 1ffiffi

2
p PB1BB̄

B̄0 → Ξ0Σ0νν̄ − 1ffiffi
2

p PB2BB̄ B̄0 → Ξ0Λ̄νν̄ 1ffiffi
6

p ð2PB1BB̄ þ PB2BB̄Þ
B̄0 → Ξ−Σ−νν̄ PB2BB̄ B̄0 → Λn̄νν̄ − 1ffiffi

6
p ðPB1BB̄ þ 2PB2BB̄Þ

B̄0
s → pp̄νν̄ PBABB̄ B̄0

s → nn̄νν̄ PBABB̄

B̄0
s → ΣþΣþνν̄ PB1BB̄ þ PBABB̄ B̄0

s → Σ0Σ0νν̄ PB1BB̄ þ PBABB̄

B̄0
s → Σ−Σ−νν̄ PB1BB̄ þ PBABB̄ B̄0

s → Ξ0Ξ0νν̄ PB1BB̄ þ PB2BB̄ þ PBABB̄

B̄0
s → Ξ−Ξ−νν̄ PB1BB̄ þ PB2BB̄ þ PBABB̄ B̄0

s → ΛΛ̄νν̄ 1
3
ðPB1BB̄ þ 2PB2BB̄Þ þ PBABB̄
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−
ffiffiffi
2

p
AðB− → Σ0p̄νν̄Þ ¼ −AðB− → Σ−n̄νν̄Þ ¼ −AðB̄0 → Σþp̄νν̄Þ

¼
ffiffiffi
2

p
AðB̄0 → Σ0n̄νν̄Þ; ð40Þ

AðB̄0
s → ΣþΣþνν̄Þ ¼ AðB̄0

s → Σ0Σ0νν̄Þ ¼ AðB̄0
s → Σ−Σ−νν̄Þ; ð41Þ

AðB̄0
s → Ξ0Ξ0νν̄Þ ¼ AðB̄0

s → Ξ−Ξ−νν̄Þ; ð42Þ
AðB− → Λp̄νν̄Þ ¼ AðB̄0 → Λn̄νν̄Þ; ð43Þ
AðB̄0

s → pp̄νν̄Þ ¼ AðB̄0
s → nn̄νν̄Þ; ð44Þ

and ffiffiffi
6

p
AðB̄0 → Ξ0Λ̄νν̄Þ ¼ AðB̄0 → Ξ−Σ−νν̄Þ − AðB̄0 → Σþp̄νν̄Þ;ffiffiffi

6
p

AðB− → Ξ−Λ̄νν̄Þ ¼ AðB− → Ξ0Σþνν̄Þ − 2AðB− → Σ−n̄νν̄Þ;
−

ffiffiffi
6

p
AðB− → Λp̄νν̄Þ ¼ 2AðB− → Ξ0Σþνν̄Þ − AðB− → Σ−n̄νν̄Þ;ffiffiffi
3

p
AðB̄0

s → ΛΛ̄νν̄Þ ¼ −
ffiffiffi
2

p
AðB− → Λp̄νν̄Þ þ

ffiffiffi
3

p
AðB̄0

s → pp̄νν̄Þ: ð45Þ

For B̄q → BD̄lν̄ decays, there is only one topological amplitude, namely TBD̄. Therefore, all decay amplitudes are related,

−AðB− → pΔþlν̄Þ ¼ −AðB− → nΔ0lν̄Þ ¼ AðB− → ΣþΣ�þlν̄Þ ¼ 2AðB− → Σ0Σ�0lν̄Þ

¼ AðB− → Ξ0Ξ�0lν̄Þ ¼ 2ffiffiffi
3

p AðB− → ΛΣ�0lν̄Þ ¼ −AðB̄0 → pΔ0lν̄Þ

TABLE VI. Topological amplitudes for B̄q → BD̄lν̄ and B̄q →
BD̄νν̄ decays.

Mode AðB̄q0 → BD̄lν̄Þ Mode AðB̄q0 → BD̄lν̄Þ
B− → pΔþlν̄ −

ffiffiffi
2

p
TBD̄ B− → nΔ0lν̄ −

ffiffiffi
2

p
TBD̄

B− → ΣþΣ�þlν̄
ffiffiffi
2

p
TBD̄ B− → Σ0Σ�0lν̄ − 1ffiffi

2
p TBD̄

B− → Ξ0Ξ�0lν̄
ffiffiffi
2

p
TBD̄ B− → ΛΣ�0lν̄

ffiffi
3
2

q
TBD̄

B̄0 → pΔ0lν̄ −
ffiffiffi
2

p
TBD̄ B̄0 → nΔ−lν̄ −

ffiffiffi
6

p
TBD̄

B̄0 → ΣþΣ�0lν̄ TBD̄ B̄0 → Σ0Σ�−lν̄ −TBD̄

B̄0 → Ξ0Ξ�−lν̄
ffiffiffi
2

p
TBD̄ B̄0 → ΛΣ�−lν̄

ffiffiffi
3

p
TBD̄

B̄0
s → pΣ�0lν̄ −TBD̄ B̄0

s → nΣ�−lν̄ −
ffiffiffi
2

p
TBD̄

B̄0
s → ΣþΞ�0lν̄

ffiffiffi
2

p
TBD̄ B̄0

s → Σ0Ξ�−lν̄ −TBD̄

B̄0
s → Ξ0Ω−lν̄

ffiffiffi
6

p
TBD̄ B̄0

s → ΛΞ�−lν̄
ffiffiffi
3

p
TBD̄

Mode AðB̄q0 → BD̄νν̄Þ Mode AðB̄q0 → BD̄νν̄Þ
B− → ΣþΔþþνν̄ −

ffiffiffi
6

p
PBBD̄ B− → Σ0Δþνν̄ 2PBBD̄

B− → Σ−Δ0νν̄
ffiffiffi
2

p
PBBD̄ B− → Ξ0Σ�þνν̄ −

ffiffiffi
2

p
PBBD̄

B− → Ξ−Σ�0νν̄ PBBD̄

B̄0 → ΣþΔþνν̄ −
ffiffiffi
2

p
PBBD̄ B̄0 → Σ0Δ0νν̄ 2PBBD̄

B̄0 → Σ−Δ−νν̄
ffiffiffi
6

p
PBBD̄ B̄0 → Ξ0Σ�0νν̄ −PBBD̄

B̄0 → Ξ−Σ�−νν̄
ffiffiffi
2

p
PBBD̄

B̄0
s → ΣþΣ�þνν̄ −

ffiffiffi
2

p
PBBD̄ B̄0

s → Σ0Σ�0νν̄
ffiffiffi
2

p
PBBD̄

B̄0
s → Σ−Σ�−νν̄

ffiffiffi
2

p
PBBD̄ B̄0

s → Ξ0Ξ�0νν̄ −
ffiffiffi
2

p
PBBD̄

B̄0
s → Ξ−Ξ�−νν̄

ffiffiffi
2

p
PBBD̄

TABLE VII. Topological amplitudes for B̄q → DB̄lν̄ and B̄q →
DB̄νν̄ decays.

Mode AðB̄q0 → DB̄lν̄Þ Mode AðB̄q0 → DB̄lν̄Þ
B− → Δþp̄lν̄ −

ffiffiffi
2

p
TDB̄ B− → Δ0n̄lν̄ −

ffiffiffi
2

p
TDB̄

B− → Σ�þΣþlν̄
ffiffiffi
2

p
TDB̄ B− → Σ�0Σ0lν̄ − 1ffiffi

2
p TDB̄

B− → Ξ�0Ξ0lν̄
ffiffiffi
2

p
TDB̄ B− → Σ�0Λ̄lν̄

ffiffi
3
2

q
TDB̄

B̄0 → Δþþp̄lν̄
ffiffiffi
6

p
TDB̄ B̄0 → Δþn̄lν̄

ffiffiffi
2

p
TDB̄

B̄0 → Σ�þΣ0lν̄ −TDB̄ B̄0 → Σ�0Σ−lν̄ −TDB̄

B̄0 → Ξ�0Ξ−lν̄ −
ffiffiffi
2

p
TDB̄ B̄0 → Σ�þΛ̄lν̄ −

ffiffiffi
3

p
TDB̄

B̄0
s → ΔþþΣþlν̄ −

ffiffiffi
6

p
TDB̄ B̄0

s → ΔþΣ0lν̄ 2TDB̄

B̄0
s → Δ0Σ−lν̄

ffiffiffi
2

p
TDB̄ B̄0

s → Σ�þΞ0lν̄ −
ffiffiffi
2

p
TDB̄

B̄0
s → Σ�0Ξ−lν̄ TDB̄

Mode AðB̄q0 → DB̄νν̄Þ Mode AðB̄q0 → DB̄νν̄Þ
B− → Σ�0p̄νν̄ −PBDB̄ B− → Σ�−n̄νν̄ −

ffiffiffi
2

p
PBDB̄

B− → Ξ�0Σþνν̄
ffiffiffi
2

p
PBDB̄ B− → Ξ�−Σ0νν̄ −PBDB̄

B− → Ω−Ξ0νν̄
ffiffiffi
6

p
PBDB̄ B− → Ξ�−Λ̄νν̄

ffiffiffi
3

p
PBDB̄

B̄0 → Σ�þp̄νν̄
ffiffiffi
2

p
PBDB̄ B̄0 → Σ�0n̄νν̄ PBDB̄

B̄0 → Ξ�0Σ0νν̄ −PBDB̄ B̄0 → Ξ�−Σ−νν̄ −
ffiffiffi
2

p
PBDB̄

B̄0 → Ω−Ξ−νν̄ −
ffiffiffi
6

p
PBDB̄ B̄0 → Ξ�0Λ̄νν̄ −

ffiffiffi
3

p
PBDB̄

B̄0
s → Σ�þΣþνν̄ −

ffiffiffi
2

p
PBDB̄ B̄0

s → Σ�0Σ0νν̄
ffiffiffi
2

p
PBDB̄

B̄0
s → Σ�−Σ−νν̄

ffiffiffi
2

p
PBDB̄ B̄0

s → Ξ�0Ξ0νν̄ −
ffiffiffi
2

p
PBDB̄

B̄0
s → Ξ�−Ξ−νν̄

ffiffiffi
2

p
PBDB̄
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¼ −
1ffiffiffi
3

p AðB̄0 → nΔ−lν̄Þ ¼
ffiffiffi
2

p
AðB̄0 → ΣþΣ�0lν̄Þ

¼ −
ffiffiffi
2

p
AðB̄0 → Σ0Σ�−lν̄Þ ¼ AðB̄0 → Ξ0Ξ�−lν̄Þ ¼

ffiffiffi
2

3

r
AðB̄0 → ΛΣ�−lν̄Þ

¼ −
ffiffiffi
2

p
AðB̄0

s → pΣ�0lν̄Þ ¼ −AðB̄0
s → nΣ�−lν̄Þ ¼ AðB̄0

s → ΣþΞ�0lν̄Þ

¼ −
ffiffiffi
2

p
AðB̄0

s → Σ0Ξ�−lν̄Þ ¼ 1ffiffiffi
3

p AðB̄0
s → Ξ0Ω−lν̄Þ

¼
ffiffiffi
2

3

r
AðB̄0

s → ΛΞ�−lν̄Þ: ð46Þ

Similarly, for B̄q → BD̄νν̄ decays, there is only one topological amplitude, namely PBBD̄. Hence, all decay amplitudes
are related. Explicitly, we have the following relations,

−
1ffiffiffi
6

p AðB− → ΣþΔþþνν̄Þ ¼ 1

2
AðB− → Σ0Δþνν̄Þ ¼ 1ffiffiffi

2
p AðB− → Σ−Δ0νν̄Þ

¼ −
1ffiffiffi
2

p AðB− → Ξ0Σ�þνν̄Þ ¼ AðB− → Ξ−Σ�0νν̄Þ

¼ −
1ffiffiffi
2

p AðB̄0 → ΣþΔþνν̄Þ ¼ 1

2
AðB̄0 → Σ0Δ0νν̄Þ

TABLE VIII. Topological amplitudes for B̄q → DD̄0lν̄ and B̄q → DD̄0νν̄ decays.

Mode AðB̄q0 → DD̄0lν̄Þ Mode AðB̄q0 → DD̄0lν̄Þ
B− → ΔþþΔþþlν̄ 6TDD̄ þ ADD̄ B− → ΔþΔþlν̄ 4TDD̄

B− → Δ0Δ0lν̄ 2TDD̄ þ ADD̄ B− → Δ−Δ−lν̄ ADD̄

B− → Σ�þΣ�þlν̄ 4TDD̄ þ ADD̄ B− → Σ�0Σ�0lν̄ 2TDD̄ þ ADD̄

B− → Σ�−Σ�−lν̄ ADD̄ B− → Ξ�0Ξ�0lν̄ 2TDD̄ þ ADD̄

B− → Ξ�−Ξ�−lν̄ ADD̄ B− → Ω−Ω−lν̄ ADD̄

B̄0 → ΔþþΔþlν̄ 2
ffiffiffi
3

p
TDD̄ B̄0 → ΔþΔ0lν̄ 4TDD̄

B̄0 → Δ0Δ−lν̄ 2
ffiffiffi
3

p
TDD̄ B̄0 → Σ�þΣ�0lν̄ 2

ffiffiffi
2

p
TDD̄

B̄0 → Σ�0Σ�−lν̄ 2
ffiffiffi
2

p
TDD̄ B̄0 → Ξ�0Ξ�−lν̄ 2TDD̄

B̄0
s → ΔþþΣ�þlν̄ 2

ffiffiffi
3

p
TDD̄ B̄0

s → ΔþΣ�0lν̄ 2
ffiffiffi
2

p
TDD̄

B̄0
s → Δ0Σ�−lν̄ 2TDD̄ B̄0

s → Σ�þΞ�0lν̄ 4TDD̄

B̄0
s → Σ�0Ξ�−lν̄ 2

ffiffiffi
2

p
TDD̄ B̄0

s → Ξ�0Ω−lν̄ 2
ffiffiffi
3

p
TDD̄

Mode AðB̄q0 → DD̄0νν̄Þ Mode AðB̄q0 → DD̄0νν̄Þ
B− → Σ�þΔþþνν̄ 2

ffiffiffi
3

p
PBDD̄ B− → Σ�0Δþνν̄ 2

ffiffiffi
2

p
PBDD̄

B− → Σ�−Δ0νν̄ 2PBDD̄ B− → Ξ�0Σ�þνν̄ 4PBDD̄

B− → Ξ�−Σ�0νν̄ 2
ffiffiffi
2

p
PBDD̄ B− → Ω−Ξ�0νν̄ 2

ffiffiffi
3

p
PBDD̄

B̄0 → Σ�þΔþνν̄ 2PBDD̄ B̄0 → Σ�0Δ0νν̄ 2
ffiffiffi
2

p
PBDD̄

B̄0 → Σ�−Δ−νν̄ 2
ffiffiffi
3

p
PBDD̄ B̄0 → Ξ�0Σ�0νν̄ 2

ffiffiffi
2

p
PBDD̄

B̄0 → Ξ�−Σ�−νν̄ 4PBDD̄ B̄0 → Ω−Ξ�−νν̄ 2
ffiffiffi
3

p
PBDD̄

B̄0
s → ΔþþΔþþνν̄ PBADD̄ B̄0

s → ΔþΔþνν̄ PBADD̄

B̄0
s → Δ0Δ0νν̄ PBADD̄ B̄0

s → Δ−Δ−νν̄ PBADD̄

B̄0
s → Σ�þΣ�þνν̄ 2PBDD̄ þ PBADD̄ B̄0

s → Σ�0Σ�0νν̄ 2PBDD̄ þ PBADD̄

B̄0
s → Σ�−Σ�−νν̄ 2PBDD̄ þ PBADD̄ B̄0

s → Ξ�0Ξ�0νν̄ 4PBDD̄ þ PBADD̄

B̄0
s → Ξ�−Ξ�−νν̄ 4PBDD̄ þ PBADD̄ B̄0

s → Ω−Ω−νν̄ 6PBDD̄ þ PBADD̄
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¼ 1ffiffiffi
6

p AðB̄0 → Σ−Δ−νν̄Þ ¼ −AðB̄0 → Ξ0Σ�0νν̄Þ

¼ 1ffiffiffi
2

p AðB̄0 → Ξ−Σ�−νν̄Þ ¼ −
1ffiffiffi
2

p AðB̄0
s → ΣþΣ�þνν̄Þ

¼ 1ffiffiffi
2

p AðB̄0
s → Σ0Σ�0νν̄Þ ¼ 1ffiffiffi

2
p AðB̄0

s → Σ−Σ�−νν̄Þ

¼ −
1ffiffiffi
2

p AðB̄0
s → Ξ0Ξ�0νν̄Þ ¼ 1ffiffiffi

2
p AðB̄0

s → Ξ−Ξ�−νν̄Þ: ð47Þ

For B̄q → DB̄lν̄ decays, there is only one topological amplitude ðTDB̄Þ, while for B̄q → DB̄νν̄ decays, there is also only
one topological amplitude (PBDB̄). Hence, the decay amplitudes are highly related and we have the following relations for
B̄q → DB̄lν̄ decays,

−
1ffiffiffi
2

p AðB− → Δþp̄lν̄Þ ¼ −
1ffiffiffi
2

p AðB− → Δ0n̄lν̄Þ ¼ 1ffiffiffi
2

p AðB− → Σ�þΣþlν̄Þ

¼ −
ffiffiffi
2

p
AðB− → Σ�0Σ0lν̄Þ ¼ 1ffiffiffi

2
p AðB− → Ξ�0Ξ0lν̄Þ

¼
ffiffiffi
2

3

r
AðB− → Σ�0Λ̄lν̄Þ ¼ 1ffiffiffi

6
p AðB̄0 → Δþþp̄lν̄Þ

¼ 1ffiffiffi
2

p AðB̄0 → Δþn̄lν̄Þ ¼ −AðB̄0 → Σ�þΣ0lν̄Þ

¼ −AðB̄0 → Σ�0Σ−lν̄Þ ¼ −
1ffiffiffi
2

p AðB̄0 → Ξ�0Ξ−lν̄Þ

¼ 1ffiffiffi
3

p AðB̄0 → Σ�þΛ̄lν̄Þ ¼ −
1ffiffiffi
6

p AðB̄0
s → ΔþþΣþlν̄Þ

¼ 1

2
AðB̄0

s → ΔþΣ0lν̄Þ ¼ 1ffiffiffi
2

p AðB̄0
s → Δ0Σ−lν̄Þ

¼ −
1ffiffiffi
2

p AðB̄0
s → Σ�þΞ0lν̄Þ ¼ AðB̄0

s → Σ�0Ξ−lν̄Þ; ð48Þ

and

−AðB− → Σ�0p̄νν̄Þ ¼ −
1ffiffiffi
2

p AðB− → Σ�−n̄νν̄Þ ¼ 1ffiffiffi
2

p AðB− → Ξ�0Σþνν̄Þ

¼ −AðB− → Ξ�−Σ0νν̄Þ ¼ 1ffiffiffi
6

p AðB− → Ω−Ξ0νν̄Þ

¼ 1ffiffiffi
3

p AðB− → Ξ�−Λ̄νν̄Þ ¼ 1ffiffiffi
2

p AðB̄0 → Σ�þp̄νν̄Þ

¼ AðB̄0 → Σ�0n̄νν̄Þ ¼ −AðB̄0 → Ξ�0Σ0νν̄Þ

¼ −
1ffiffiffi
2

p AðB̄0 → Ξ�−Σ−νν̄Þ ¼ −
1ffiffiffi
6

p AðB̄0 → Ω−Ξ−νν̄Þ

¼ −
1ffiffiffi
3

p AðB̄0 → Ξ�0Λ̄νν̄Þ ¼ −
1ffiffiffi
2

p AðB̄0
s → Σ�þΣþνν̄Þ

¼ 1ffiffiffi
2

p AðB̄0
s → Σ�0Σ0νν̄Þ ¼ 1ffiffiffi

2
p AðB̄0

s → Σ�−Σ−νν̄Þ

¼ −
1ffiffiffi
2

p AðB̄0
s → Ξ�0Ξ0νν̄Þ ¼ 1ffiffiffi

2
p AðB̄0

s → Ξ�−Ξ−νν̄Þ; ð49Þ

for B̄q → DB̄νν̄ decays.
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For B̄q → DD̄0lν̄ decays, we have two topological amplitudes, namely TDD̄ and ADD̄. The decay amplitudes are related as
follows,

ffiffiffi
3

p
AðB̄0 → ΔþþΔþlν̄Þ ¼ 1

2
AðB̄0 → ΔþΔ0lν̄Þ ¼

ffiffiffi
3

p
AðB̄0 → Δ0Δ−lν̄Þ

¼ 1ffiffiffi
2

p AðB̄0 → Σ�þΣ�0lν̄Þ ¼ 1ffiffiffi
2

p AðB̄0 → Σ�0Σ�−lν̄Þ

¼ AðB̄0 → Ξ�0Ξ�−lν̄Þ ¼ 1ffiffiffi
3

p AðB̄0
s → ΔþþΣ�þlν̄Þ

¼ 1ffiffiffi
2

p AðB̄0
s → ΔþΣ�0lν̄Þ ¼ AðB̄0

s → Δ0Σ�−lν̄Þ

¼ 1

2
AðB̄0

s → Σ�þΞ0lν̄Þ ¼ 1ffiffiffi
2

p AðB̄0
s → Σ�0Ξ�−lν̄Þ

¼ 1ffiffiffi
3

p AðB̄0
s → Ξ�0Ω−lν̄Þ ¼ 1

2
AðB− → ΔþΔþlν̄Þ; ð50Þ

AðB− → Δ0Δ0lν̄Þ ¼ AðB− → Σ�0Σ�0lν̄Þ ¼ AðB− → Ξ�0Ξ�0lν̄Þ; ð51Þ

AðB− → Δ−Δ−lν̄Þ ¼ AðB− → Σ�−Σ�−lν̄Þ ¼ AðB− → Ξ�−Ξ�−lν̄Þ
¼ AðB− → Ω−Ω−lν̄Þ; ð52Þ

and

AðB− → ΔþþΔþþlν̄Þ ¼ AðB− → Δ0Δ0lν̄Þ þ AðB− → Δ−Δ−lν̄Þ;
AðB− → Σ�þΣ�þlν̄Þ ¼ AðB− → ΔþΔþlν̄Þ þ AðB− → Σ�−Σ�−lν̄Þ: ð53Þ

Finally, for B̄q → DD̄0νν̄ decays, we have two topological amplitudes, namely PBDD̄ and PBADD̄, giving the following
relations on the amplitudes,

1ffiffiffi
3

p AðB− → Σ�þΔþþνν̄Þ ¼ 1ffiffiffi
2

p AðB− → Σ�0Δþνν̄Þ ¼ AðB− → Σ�−Δ0νν̄Þ

¼ 1

2
AðB− → Ξ�0Σ�þνν̄Þ ¼ 1ffiffiffi

2
p AðB− → Ξ�−Σ�0νν̄Þ

¼ 1ffiffiffi
3

p AðB− → Ω−Ξ�0νν̄Þ ¼ AðB̄0 → Σ�þΔþνν̄Þ

¼ 1ffiffiffi
2

p AðB̄0 → Σ�0Δ0νν̄Þ ¼ 1ffiffiffi
3

p AðB̄0 → Σ�−Δ−νν̄Þ

¼ 1ffiffiffi
2

p AðB̄0 → Ξ�0Σ�0νν̄Þ ¼ 1

2
AðB̄0 → Ξ�−Σ�−νν̄Þ

¼ 1ffiffiffi
3

p AðB̄0 → Ω−Ξ�−νν̄Þ; ð54Þ

AðB̄0
s → Σ�þΣ�þνν̄Þ ¼ AðB̄0

s → Σ�0Σ�0νν̄Þ ¼ AðB̄0
s → Σ�−Σ�−νν̄Þ;

AðB̄0
s → Ξ�0Ξ�0νν̄Þ ¼ AðB̄0

s → Ξ�−Ξ�−νν̄Þ; ð55Þ

AðB̄0
s → Σ�þΣ�þνν̄Þ ¼ AðB− → Σ�−Δ0νν̄Þ þ AðB̄0

s → Δ0Δ0νν̄Þ;
AðB̄0

s → Ξ�0Ξ�0νν̄Þ ¼ AðB̄0 → Ξ�−Σ�−νν̄Þ þ AðB̄0
s → Δ−Δ−νν̄Þ;

AðB̄0
s → Ω−Ω−νν̄Þ ¼ AðB̄0 → Ξ�−Σ�−νν̄Þ þ AðB̄0

s → Σ�þΣ�þνν̄Þ; ð56Þ
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AðB̄0
s → ΔþþΔþþνν̄Þ ¼ AðB̄0

s → ΔþΔþνν̄Þ
¼ AðB̄0

s → Δ0Δ0νν̄Þ
¼ AðB̄0

s → Δ−Δ−νν̄Þ: ð57Þ
The above relations on amplitudes impose relations on

rates. For example, we may have three decay modes, where
their rates and amplitudes are related as following

Γ1 ¼
X
i

jA1ðiÞj2; Γ2 ¼
X
i

jA2ðiÞj2;

Γ3 ¼
X
i

jA1ðiÞ þ A2ðiÞj2; ð58Þ

with i representing the allowed momentum and helicities of
final state particles, summing over i indicating integrating
over phase space and summing over final state helicities.
Note that the following discussion only applies to the SU(3)
symmetric case, i.e., we are considering the relation on
rates in the SU(3) symmetric limit. Using the triangle
inequality in the complex plane, we obtain

jA1ðiÞj2 þ jA2ðiÞj2 − 2jA1ðiÞjjA2ðiÞj
≤ jA1ðiÞ þ A2ðiÞj2 ≤ jA1ðiÞj2 þ jA2ðiÞj2 þ 2jA1ðiÞjjA2ðiÞj:

ð59Þ
Sum over i in the above equation and make use of the
following inequality,

0≤
X
i

jA1ðiÞjjA2ðiÞj≤
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

jA1ðiÞj2
r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

j

jA2ðjÞj2
s

; ð60Þ

we finally obtain the triangle inequality on rates in the
SU(3) symmetric limit,

ðΓ1=2
1 − Γ1=2

2 Þ2 ≤ Γ3 ≤ ðΓ1=2
1 þ Γ1=2

2 Þ2: ð61Þ

IV. RESULTS ON RATES

Before we start the discussion on rates it will be useful to
recall the detectability of the final state baryons. In
Table IX, we identify some octet and decuplet baryons
that can decay to all charged final states with unsuppressed

branching ratios. Note that modes with antineutron
are also detectable, while Δþ, Σþ;0, Ξ0, Σ�0, and Ξ�−

can be detected by detecting a π0 or γ. For example, Δþ

mainly decays to pπ0 and nπþ, while Σ0 decays to Λγ.
We should pay close attention to the modes that
involve these baryons and have large decay rates in the
B̄q decays.

A. B̄q → BB̄0lν̄ and B̄q → BB̄0νν̄ decay rates

In this part, we will first give a generic discussion on
B̄q → BB̄0lν̄ and B̄q → BB̄0νν̄ decays, and the results will
be compared to model calculations, where masses of
hadrons and lifetimes are taken from Ref. [4].
For B̄q → BB̄0lν̄ decays, the decay amplitudes can be

decomposed in terms of three independent topological
amplitudes, namely T2BB̄, T1BB̄, and ABB̄, as shown in
Table V. As the amplitudes of B̄q → BB̄0lν̄ decays have
different combinations of these topological amplitudes, the
corresponding branching ratios are denoted with different
parameters. Specifically, we use a for the rate with
A ¼ T1BB̄ þ ABB̄, b for the rate with A ¼ T2BB̄, c for the
rate with A ¼ 1

2
ðT1BB̄ þ T2BB̄Þ þ ABB̄, d for the rate with

A ¼ ðT1BB̄ − T2BB̄Þ=2, e for the ratewithA ¼ ABB̄, f for the
rate with A ¼ 1

6
ð5T1BB̄ þ T2BB̄Þ þ ABB̄, g for the rate with

A ¼ ð2T1BB̄ þ T2BB̄Þ=3, and h for the rate with A ¼
1
3
ðT1BB̄ þ 2T2BB̄Þ þ ABB̄. In addition, we add tildes for rates

with similar amplitudes but without the ABB̄ terms. For
example, ã corresponds to the ratewithA ¼ T1BB̄. The same
set of alphabets is also used in B̄q → BB̄0νν̄ decays asPBiBB̄

andPBABB̄ are proportional toTiBB̄ andABB̄ with a common
proportional constant ζ as shown in Eq. (20). Note that
the above parameters correspond to the rates in the SU(3)
symmetric limit.
Experimentally not only data of the branching ratio of

B− → pp̄lν̄ decay is obtained, information of differential
rate is also available. The experimental differential
rate dBr=dmpp̄ of B− → pp̄μ−ν̄ decay from LHCb [3] is
shown in Fig. 1. The differential rate in Fig. 1 can be well
fitted with

dBr
dmBB̄0

¼ N
ðm2

BB̄0 Þγ ðmBB̄0 −mB −mB̄0 Þ; ð62Þ

TABLE IX. Octet and decuplet baryons decaying to all charged final states with unsuppressed branching
ratios [4].

Octet=Decuplet Baryons All charged final states

Octet, B p, Λ, Ξ− Λ → pπ−, Ξ− → Λπ− → pπ−π−

Decuplet, D Δþþ;0, Σ��, Ξ�0, Ω− Δþþ;0 → pπ�, Σ�� → Λπ� → pπ−π�,
Ξ�0 → Ξ−πþ → Λπ−πþ → pπ−π−πþ,

Ω− → ΛK− → pπ−K−
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where γ and N are constants. In particular, γ ¼ 9 is used in
Fig. 1 for the plotted blue dashed line. (see also Fig. 3). As
noted in Introduction the threshold enhancement is sensitive
to the position of the threshold and hence the SU(3) breaking
from baryon masses are amplified producing very large
SU(3) breaking effects on the integrated decay rates.
In this work we use Eq. (62) to estimate the SU(3)

breaking effect from threshold enhancement. Take
B− → pp̄lν̄ and B− → ΣþΣþlν̄ decays as examples. As
shown in Table V their amplitudes are both equal to
A ¼ T1BB̄ þ T2BB̄ þ ABB̄. Consequently, without SU(3)
breaking, their rates should be identical. However, we
expect large SU(3) breaking from the threshold enhance-
ment as the masses of p and Σþ are different. Using
Eq. (62) the ratio of their branching ratios is given by

BrðB− → ΣþΣþlν̄Þ
BrðB− → pp̄lν̄Þ ¼

RmB
2mΣþ

dmBB̄0 N0
ðm2

BB̄0 Þ
9 ðmBB̄0 − 2mΣþÞRmB

2mp
dmBB̄0 N

ðm2

BB̄0 Þ
9 ðmBB̄0 − 2mpÞ

¼ 0.022
N0

N
¼ 0.022σ; ð63Þ

where we define N0=N ≡ σ. We see that the SU(3) breaking
from the threshold enhancement is very large. The decay
rates differ by orders of magnitudes. On the other
hand, although N0=N ¼ σ may contain additional SU(3)
breaking from mass differences, it represents a milder
SU(3) breaking effect, since the SU(3) breaking from
threshold enhancement is already extracted out, the value
of σ is expected to be of order one. Consequently, using
BrðB− → pp̄μν̄Þ ¼ ð5.32� 0.34Þ × 10−6 [4], we expect
BrðB− → ΣþΣþlν̄Þ ¼ ð5.32 × 0.022σÞ × 10−6 with σ an
order one parameter. As we shall see later the above
estimation agrees well with some recent theoretical calcu-
lations [8,9].
With these considerations, the branching ratios of

B̄q → BB̄0lν̄ and B̄q → BB̄0νν̄ decays are parametrized
and are shown in Table X. SU(3) breaking effects from

Bq meson widths and threshold enhancement are included.

The order one parameters α; β; η; η̃; ˜̃η; κ; κ̃; σ; σ̃; ˜̃σ; ξ; ξ̃; ˜̃ξ
and ᾱ; β̄; κ̄; ¯̃κ denote milder SU(3) breaking, where different
parameters are used when the baryon masses are different,
tilde are used when the combinations of topological
amplitudes are different, bars are use when the masses
of baryon and antibaryon are switched. From the above
example, we expect these parameters to be of order one. We
also expect them to be of similar size, and those with bar or
tilde be close to those without bar or tilde. We will come
back to these later.
There are many parameters in Table X. They are not

totally independent, since we only have three independent
topological amplitudes. Using the triangle inequality,
Eq. (61), the amplitude decomposition in B̄q → BB̄0lν̄
decays and the decay rates as shown in Tables Vand X, we
obtain the following inequalities,

� ffiffiffiffiffiffiffiffiffi
5.32

p
−

ffiffiffi
e

p
2

�
2 ≲ c≲

� ffiffiffiffiffiffiffiffiffi
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� ffiffiffiffiffiffiffiffiffi
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ð ffiffiffi
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and

FIG. 3. The experimental differential rate dBr=dmpp̄ of B− →
pp̄μ−ν̄ decay from LHCb [3] can be well fitted with
dBr=dmpp̄ ¼ Nð1=m2

pp̄Þ9ðmpp̄ −mp −mp̄Þ with blue dashed
line. Orange and green solid lines correspond to the differential
rates from model 1 and model 2 with inputs basically from
refs [8,9], respectively. See text for details.
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Although the above inequalities can constrain the sizes
of these parameters, it will be useful to reduce the number
of the parameters. Note that the rates proportional to e are
governed by annihilation ABB̄ or penguin-box-annihilation
PBABB̄ diagrams. It is known that these contributions a
re usually much suppressed than tree and penguin con-
tributions. For example, in two-body baryonic Bq decays,

B̄q → BB̄0 decays, the tree dominated mode B− → pp̄
and penguin dominated mode B− → Λp̄ was observed
with branching ratios at 10−8 and 10−6 levels, respectively
[38–40], while B̄s → pp̄ decay, which is an exchange and
penguin-annihilation mode is not yet observed with the
upper limit pushed down to 10−9 level [40]. It is therefore

reasonable to consider the case where the annihilation ABB̄
and penguin-box-annihilation PBABB̄ contributions are
highly suppressed, i.e., e ≪ Oð1Þ. Nevertheless this
assumption can be checked by searching pure annihilation
(penguin-box-annuhilation) modes, B− → Σ−Σ−lν̄, B− →
Ξ−Ξ−lν̄, B̄0

s → pp̄νν̄, and B̄0
s → nn̄νν̄ decays, as their rates

are proportional to e. In particular, as the B̄0
s → pp̄νν̄mode

has good detectability, see Table IX, it is a good place to
verify the above assumption.
Applying the above assumption to the relations Eq. (68),

we obtain,

e ≪ 5.32; c ≃ c̃ ≃
5.32
4

; ã ≃ a; h̃ ≃ h; ð67Þ

TABLE X. Branching ratios of B̄q → BB̄0lν̄ and B̄q → BB̄0νν̄ decays. The B− → pp̄lν̄ rate is from experimental data [2,4]. Most of
the parameters are expected to be of order 1. In particular, we expect c ≃ c̃ ≃

ffiffiffiffiffiffiffiffiffi
5.32

p
=2, a ≃ ã, h ≃ h̃ and e ≪ 5.32, satisfying Eqs. (67)–

(69). The last factors are from the SU(3) breaking from threshold enhancement, and we expect α; β; η; η̃; ˜̃η; κ; κ̃; σ; σ̃; ˜̃σ; ξ; ξ̃; ˜̃ξ and
ᾱ; β̄; κ̄; ¯̃κ being of order unity. See text for details.

Mode BrðB̄q → BB̄0lν̄Þð10−6Þ Mode BrðB̄q → BB̄0lν̄Þð10−6Þ
B− → pp̄lν̄ 5.32� 0.34 [4] B− → nn̄lν̄ a × ð0.978Þ
B− → ΣþΣþlν̄ 5.32 × ð0.0225σÞ B− → Σ0Σ0lν̄ c × ð0.0215σÞ
B− → Σ−Σ−lν̄ e × ð0.0202 ˜̃σÞ B− → Ξ−Ξ−lν̄ e × ð0.00416 ˜̃ξÞ
B− → Σ0Λ̄lν̄ d

3
× ð0.0364ηÞ B− → Ξ0Ξ0lν̄ a × ð0.00452ξ̃Þ

B− → ΛΣ0lν̄ d
3
× ð0.0364ηÞ B− → ΛΛ̄lν̄ f × ð0.0626η̃Þ

B̄0 → pn̄lν̄ 0.93b × ð0.989Þ B̄0 → ΣþΣ0lν̄ 1.85c̃ × ð0.0220σÞ
B̄0 → ΣþΛ̄lν̄ 0.62d × ð0.0372ηÞ B̄0 → Σ0Σ−lν̄ 1.85c̃ × ð0.0208σÞ
B̄0 → ΛΣ−lν̄ 0.62d × ð0.0352ηÞ B̄0 → Ξ0Ξ−lν̄ 0.9ã × ð0.00434ξ̃Þ
B̄0
s → pΣ0lν̄ 0.47ã × ð0.131βÞ B̄0

s → pΛ̄lν̄ 1.40h̃ × ð0.236αÞ
B̄0
s → nΣ−lν̄ 0.93ã × ð0.125βÞ B̄0

s → ΣþΞ0lν̄ 0.93b × ð0.00988κÞ
B̄0
s → Σ0Ξ−lν̄ 0.47b × ð0.00927κÞ B̄0

s → ΛΞ−lν̄ 1.40g × ð0.0152κ̃Þ

Mode
P

ν BrðB̄q → BB̄0νν̄Þð10−8Þ Mode
P

ν BrðB̄q → BB̄0νν̄Þð10−8Þ
B− → Σ0p̄νν̄ 0.20ã × ð0.131β̄Þ B− → Σ−n̄νν̄ 0.40ã × ð0.125β̄Þ
B− → Ξ0Σþνν̄ 0.40b × ð0.00988κ̄Þ B− → Ξ−Σ0νν̄ 0.20b × ð0.00927κ̄Þ
B− → Ξ−Λ̄νν̄ 0.60g × ð0.0152¯̃κÞ B− → Λp̄νν̄ 0.60h̃ × ð0.236ᾱÞ
B̄0 → Σþp̄νν̄ 0.37ã × ð0.134β̄Þ B̄0 → Σ0n̄νν̄ 0.19ã × ð0.130β̄Þ
B̄0 → Ξ0Σ0νν̄ 0.19b × ð0.00968κ̄Þ B̄0 → Ξ0Λ̄νν̄ 0.56g × ð0.0159¯̃κÞ
B̄0 → Ξ−Σ−νν̄ 0.37b × ð0.00899κ̄Þ B̄0 → Λn̄νν̄ 0.56h̃ × ð0.233ᾱÞ
B̄0
s → pp̄νν̄ 0.37e B̄0

s → nn̄νν̄ 0.37e × ð0.978Þ
B̄0
s → ΣþΣþνν̄ 0.37a × ð0.0225σ̃Þ B̄0

s → Σ0Σ0νν̄ 0.37a × ð0.0215σ̃Þ
B̄0
s → Σ−Σ−νν̄ 0.37a × ð0.0202σ̃Þ B̄0

s → Ξ0Ξ0νν̄ 1.98 × ð0.00452ξÞ
B̄0
s → Ξ−Ξ−νν̄ 1.98 × ð0.00416ξÞ B̄0

s → ΛΛ̄νν̄ 0.37h × ð0.0626 ˜̃ηÞ
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These are the inequalities we shall employ in this work.
The parameters a, b, c and so on in Table X need to

satisfy the above triangular inequalities, Eqs. (67)–(69). At
this moment we do not have enough data to verify them.
Nevertheless, it will be useful to make use of model
calculations in Sec. II B for illustration.
Branching ratios of B̄q → BB̄0lν̄ and B̄q → BB̄0νν̄ decays

in model 1 and model 2 can be obtained by using TiBB̄ and
ABB̄, as shown in Eq. (21), with inputs as shown in Table II,
and formulas of decay rates collected in Appendix B. The
results are shown in Table XI. They can be compared to the
results given inRefs. [8,9], whereBrðB−→pp̄lν̄Þ¼ð5.21�
0.34Þ×10−6 [8], ð5.3� 0.2Þ× 10−6 [9], BrðB−→nn̄lν̄Þ¼
ð0.68�0.10Þ×10−6, BrðB−→ΣþΣþlν̄Þ¼ð0.24�0.02Þ×
10−6, BrðB−→Σ0Σ0lν̄Þ¼ð0.06�0.01Þ×10−6, BrðB− →

Σ0Λ̄lν̄Þ ¼ ð0.014 � 0.004Þ × 10−6, BrðB− → ΛΣ0lν̄Þ ¼
ð0.014� 0.004Þ × 10−6, BrðB− → Ξ0Ξ0lν̄Þ ¼ ð0.008�
0.001Þ × 10−6, BrðB− → ΛΛ̄lν̄Þ ¼ ð0.08� 0.01Þ × 10−6

[8], BrðB̄0
s → pΛ̄lν̄Þ ¼ ð2.1� 0.6Þ × 10−6,

P
ν BrðB− →

Λp̄νν̄Þ ¼ ð3.5� 1.0Þ × 10−8 and
P

ν BrðB̄s → ΛΛ̄νν̄Þ ¼
ð0.8� 0.2Þ × 10−8 [9] are reported. We find that results
in model 1 agree with or close to those in Ref. [8], while the
results on

P
ν BrðB− → Λp̄νν̄Þ andPν BrðB̄s → ΛΛ̄νν̄Þ in

model 2 differs to those in Ref. [9] by factors of 7. Results on
all other modes in Table XI are new.
Model 1 and model 2 have similar results on some

modes, but very different results on some other modes. For
example, their rates in the B− → pp̄lν̄ decay are identical

by construction, B− → ΣþΣþlν̄ rates as well as B− →

Σ0Σ0lν̄ rates are similar, but the B− → Σ0Λ̄lν̄ rate in model
2 is larger than the one in model 1 by one order of
magnitude, the B̄0 → pn̄lν̄ rate in model 2 is larger than the
one in model 1 by a factor of 3, and the B− → nn̄lν̄ rate in
model 2 is larger than the one in model 1 by a factor of 19.
Note that the amplitudes of B− → pp̄lν̄, B− → ΣþΣþlν̄,

and B− → Σ0Σ0lν̄ are to T1BB̄ þ T2BB̄, B
− → Σ0Λ̄lν̄, B− →

nn̄lν̄ and B̄0 → pn̄lν̄ are proportional to T1BB̄ − T2BB̄,
T1BB̄, and T2BB̄, respectively. These results imply that
model 1 (2) has constructive (destructive) interference of
T1BB̄ and T2BB̄ in B− → pp̄lν̄ decay, but destructive
(constructive) interference of T1BB̄ and −T2BB̄ in B− →
Σ0Λ̄lν̄ decay, and jT1;2BB̄j in model 2 are larger than those
in model 1. These two models are complementary. It is
therefore useful to consider both of them.
In Fig. 3 the differential rates dBr=dmpp̄ of B− →

pp̄μ−ν̄ from model 1 and model 2 are shown and are
compared to data. The differential rates from model 1 and 2
agree with data and are similar to each other.
The expectations of the orders of magnitudes of α, β and

so on to be of order one and the triangular inequalities,
Eqs. (67)–(69), on a, b and so on can be checked by
comparing Table X with the results in model 1 and model 2
as shown in Table XI. The findings are shown in Table XII.
The values of the parameters β; β̄; σ; σ̃; κ; κ̄; ξ; ξ̃ are indeed
of order one and are in the range of 1.47–3.19, and their
values in model 1 and model 2 are similar with differences
at most 13%, even though these two models have very

different interference patterns. The ratios of ᾱ
α ;

β̄
β ;

κ̄
κ ;

¯̃κ
κ̃ are

close to one and are in the range of 0.86–0.93 and again
their values in model 1 and model 2 are similar. The bounds
on α; ᾱ; η; η̃; ˜̃η; κ̃; ¯̃κ in model 1 are more restrictive than
those in model 2, but they all allow these parameters to be
of order one. We do not see any violation of the triangular
inequalities, Eqs. (67)–(69). The values of a and b in model
1 and 2 confirm that T1BB̄ and T2BB̄ are constructive
in model 1, but destructive in model 2, and jT1;2BB̄j in
model 2 are larger than those in model 1. These two
models are indeed different but they give similar
results on these parameters. Furthermore, our expectations
on these parameters are basically verified in these two
models.
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From Table XI we find that the B̄q → BB̄0lν̄ branching
ratios are of the orders 10−8–10−6 for nonannihilation
modes, while the branching ratios of B̄q → BB̄0νν̄ decays
are of the orders of 10−11–10−8 for nonpenguin-box-
annihilation modes. From Tables IX and XI, we see that
the following modes have good detectability and relatively
unsuppressed rates, they are B− → pp̄lν̄, B̄0 → pn̄lν̄,
B̄0
s → pΛ̄lν̄, B− → Λp̄νν̄, B̄0 → Λn̄νν̄, and B̄0

s → ΛΛ̄νν̄
decays. It is reasonable that the B− → pp̄lν̄ decay
is the first detected mode as it has a large rate with very
good detectability. In fact its rate is the largest one in model
1, but is the third largest one in model 2, where B̄0 → pn̄lν̄
and B− → nn̄lν̄ decays have larger rates but poorer
detectability. It will be useful to search for these modes
to differentiate these two models and to understand the
interference patterns of B̄q → BB̄0lν̄ decay amplitudes.
From Tables X, we obtainP
νBrðB− →Λp̄νν̄Þ
BrðB̄0

s → pΛ̄lν̄Þ ¼ 4.29
ᾱ

α
×
�
0.0036
jVubj

�
2

× 10−3;

P
νBrðB̄0 →Λn̄νν̄Þ
BrðB̄0

s → pΛ̄lν̄Þ ¼ 3.94
ᾱ

α
×

�
0.0036
jVubj

�
2

× 10−3: ð70Þ

The ratio ᾱ=α is expected to be close to one. In model 1 and
2, we have ᾱ=α ¼ 0.90 and 0.95, respectively, as shown in
Table XII, which are indeed close to one. Hence the ratios
are not sensitive to the SU(3) breakings from threshold
enhancement as they are mostly canceled out. Furthermore,
the ratios do not rely on the assumption of neglecting
annihilation A and penguin-box-annihilation PBA contri-
butions, as these modes are free from these contributions,
see Table V. As the B̄0

s → pΛ̄lν̄ decay are tree level decay
modes, while the B− → Λp̄νν̄ and B̄0 → Λn̄νν̄ decays are
governed by penguin and box diagrams, the above ratios
can be tests of SM.

B. B̄q → BD̄lν̄, B̄q → BD̄νν̄, B̄q → DB̄lν̄,
and B̄q → DB̄νν̄ decay rates

We now consider the rates of B̄q → BD̄lν̄ and B̄q →
BD̄νν̄ decays and the rates of B̄q → DB̄lν̄ and B̄q → DB̄νν̄
decays. As shown in Table VI, in B̄q → BD̄lν decays, there
is only one topological amplitude, namely TBD̄, while in
B̄q → BD̄νν̄ decays, there is also only one topological
amplitude, namely PBBD̄, but PBBD̄ and TBD̄ are related
by ζ as shown in Eq. (20). Similar features also hold in

TABLE XI. Branching ratios of B̄q → BB̄0lν̄ and B̄q → BB̄0νν̄ decays in model 1 and model 2. Br1 and Br2 denote results in model 1
and model 2, respectively.

Mode Br1ð10−6Þ Br2ð10−6Þ Mode Br1ð10−6Þ Br2ð10−6Þ
B− → pp̄lν̄ 5.32 5.32 B− → nn̄lν̄ 0.41 7.81
B− → ΣþΣþlν̄ 0.26 0.26 B− → Σ0Σ0lν̄ 0.064 0.061

B− → Σ−Σ−lν̄ ≃0 ≃0 B− → Ξ−Ξ−lν̄ ≃0 ≃0
B− → Σ0Λ̄lν̄ 0.019 0.18 B− → Ξ0Ξ0lν̄ 0.0044 0.094

B− → ΛΣ0lν̄ 0.019 0.18 B− → ΛΛ̄lν̄ 0.062 0.47

B̄0 → pn̄lν̄ 3.40 9.40 B̄0 → ΣþΣ0lν̄ 0.12 0.12

B̄0 → ΣþΛ̄lν̄ 0.036 0.34 B̄0 → Σ0Σ−lν̄ 0.12 0.11
B̄0 → ΛΣ−lν̄ 0.034 0.33 B̄0 → Ξ0Ξ−lν̄ 0.0040 0.084

B̄0
s → pΣ0lν̄ 0.044 0.87 B̄0

s → pΛ̄lν̄ 1.01 1.28

B̄0
s → nΣ−lν̄ 0.086 1.68 B̄0

s → ΣþΞ0lν̄ 0.10 0.24

B̄0
s → Σ0Ξ−lν̄ 0.048 0.11 B̄0

s → ΛΞ−lν̄ 0.048 0.10

Mode
P

ν Br1ð10−8Þ
P

ν Br2ð10−8Þ Mode
P

ν Br1ð10−8Þ
P

ν Br2ð10−8Þ
B− → Σ0p̄νν̄ 0.017 0.32 B− → Σ−n̄νν̄ 0.031 0.62

B− → Ξ0Σþνν̄ 0.038 0.089 B− → Ξ−Σ0νν̄ 0.018 0.042

B− → Ξ−Λ̄νν̄ 0.018 0.041 B− → Λp̄νν̄ 0.39 0.52

B̄0 → Σþp̄νν̄ 0.031 0.61 B̄0 → Σ0n̄νν̄ 0.015 0.30

B̄0 → Ξ0Σ0νν̄ 0.017 0.041 B̄0 → Ξ0Λ̄νν̄ 0.017 0.039

B̄0 → Ξ−Σ−νν̄ 0.032 0.076 B̄0 → Λn̄νν̄ 0.36 0.48

B̄0
s → pp̄νν̄ ≃0 ≃0 B̄0

s → nn̄νν̄ ≃0 ≃0
B̄0
s → ΣþΣþνν̄ 0.0081 0.17 B̄0

s → Σ0Σ0νν̄ 0.0078 0.16

B̄0
s → Σ−Σ−νν̄ 0.0074 0.15 B̄0

s → Ξ0Ξ0νν̄ 0.028 0.028

B̄0
s → Ξ−Ξ−νν̄ 0.026 0.026 B̄0

s → ΛΛ̄νν̄ 0.097 0.12
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B̄q → DB̄lν̄ and B̄q → DB̄νν̄ decays by using Table VII
and Eq. (20), but with TDB̄ and PBDB̄. The decay rates of
B̄q → BD̄lν;BD̄νν̄ decays and B̄q → DB̄0lν̄;DB̄νν̄ decays
are parametrized in term of a0 and a00, respectively, where
the rates correspond to A ¼ TBD̄ and TDB̄ are denoted as a0

and a00, respectively. Note that the above parameters
correspond to the rates in the SU(3) symmetric limit.
As in B̄q → BB̄0lν̄ and B̄q → BB̄0νν̄ decays, we expect to

see threshold enhancement in the differential rates of these
modes. Likewise the SU(3) breaking on B̄q → BD̄lν̄ and
B̄q → DB̄lν̄ rates from the threshold enhancement can be
estimated as in the B̄q → BB̄0lν̄ case, once the correspond-
ing differential rates of some modes are known. However,
at the moment no such information is available yet. We
should make use of some model calculations to obtain
information on the differential rates of these modes. As
we shall see the SU(3) breaking from the threshold
enhancement can be estimated using Eq. (62) and similar
procedure in the discussion around Eq. (63) but with
γ ¼ 7. In Tables XIII and XIV the decay rates of B̄q →
BD̄lν;BD̄νν̄ decays and B̄q → DB̄lν̄;DB̄νν̄ decays are

shown. The parameters β0;00, κ0;00, σ0;00 and so on are used to
denote milder SU(3) breaking effects and are expected to be
of order one. The relative sizes of B̄q → BD̄lν̄ðνν̄Þ and
B̄q → DB̄lν̄ðνν̄Þ decay rates can be readily read from
Tables XIII and XIV.
At this moment we do not have enough data to verify

Tables XIII and XIV. As in the case of B̄q → BB̄0lν̄ and
B̄q → BB̄0νν̄ decays we will make use of model 1 and
model 2 for illustration. Using inputs from Sec. II B and the
formulas given Appendix B, the branching ratios of
B̄q → BD̄lν̄ and B̄q → BD̄νν̄ in model 1 and 2 are obtained
and are shown in Table XV, while the branching ratios of
B̄q → DB̄lν̄ and B̄q → DB̄νν̄ in model 1 and 2 are obtained
and are shown in Table XVI. These results are new.
From Tables XV and XVI, we see that the branching

ratios of B̄q → BD̄lν̄ and B̄q → DB̄lν̄ decays are in the
ranges of 10−9–10−8 and 10−9–10−7 in model 1 and 2,
respectively, while

P
ν BrðB̄q → BD̄lννÞ andPν BrðB̄q →

DB̄lννÞ are in the ranges of 10−12–10−10 and 10−11–10−10

in model 1 and 2, respectively. The rates in model 2 are
greater than those in model 1 by a factor of 4–7. This

TABLE XII. Values of various parameters in model 1 and model 2. The bounds of the parameters dη;…h ˜̃η are
obtained using triangular inequalities, Eqs. (68) and (69), while the bounds of the parameters α; ᾱ; η; η̃; ˜̃η; κ̃; ¯̃κ are
obtained using the values and bounds of the parameters dη;…h ˜̃η.

Parameters Values (Model 1) Bounds (Model 1) Values (Model 2) Bounds (Model 2)

a 0.42 0.15–17.90 7.99 0.80–30.34
b 3.70 2.75–8.74 10.25 0.27–26.34
dη 1.56 ð0.59–3.25Þη 14.89 ð4.20–15.83Þη
fη̃ 0.99 ð0.41–0.67Þη̃ 7.44 ð2.25–5.14Þη̃0
gκ̃ 2.24 ð0.80–0.97Þκ̃ 4.81 ð0.22–2.93Þκ̃
g ¯̃κ 1.96 ð0.80–0.97Þ ¯̃κ 4.45 ð0.22–2.93Þ ¯̃κ
h̃α 3.08 ð1.75–1.99Þα 3.88 ð0.35–3.37Þα
h̃ ᾱ 2.77 ð1.75–1.99Þᾱ 3.67 ð0.35–3.37Þᾱ
h ˜̃η 4.17 ð1.75–1.99Þ ˜̃η 5.26 ð0.35–3.37Þ ˜̃η
α � � � 1.55–1.76 � � � 1.15–10.93
ᾱ � � � 1.39–1.59 � � � 1.09–10.34
β 1.72 � � � 1.79 � � �
β̄ 1.47 � � � 1.54 � � �
η � � � 0.48–2.62 � � � 0.94–3.55
η̃ � � � 1.49–2.43 − 1.45–3.31
˜̃η � � � 2.10–2.39 � � � 1.56–14.83
σ 2.21 � � � 2.13 � � �
σ̃ 2.30 � � � 2.49 � � �
κ 2.96 � � � 2.55 � � �
κ̄ 2.59 � � � 2.21 � � �
κ̃ � � � 2.31–2.79 � � � 1.64–21.73
¯̃κ � � � 2.02–2.45 � � � 1.52–20.11
ξ 3.19 � � � 3.13 � � �
ξ̃ 2.32 � � � 2.61 � � ��
ᾱ
α ;

β̄
β ;

κ̄
κ ;

¯̃κ
κ̃

�
(0.90, 0.85, 0.87, 0.88) � � � (0.95, 0.86, 0.87, 0.93) � � �
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mostly corresponds to the fact that jTBD̄j and jTDB̄j in
model 2 are greater than those in model 1, as reflected
through the sizes of a0 and a00 as shown in Table XVII.
This is not surprising as jT1BB̄j and jT2BB̄j in B̄q → BB̄0lν̄
decays in model 2 are greater than those in model 1, as
reflected in the sizes of a and b as shown in Table XII.
From Table XVII, we see that the parameters
β0;00; κ0;00; σ0;00; ξ0;00 and ω0 denoting milder SU(3) breaking
are indeed of order one and are similar in model 1 and 2 in
most cases.
From Tables XIII, XVand IX, we find that B̄0 → pΔ0lν̄

and B̄0 → Σ0Δ0νν̄ have relatively unsuppressed rates
and good detectability. In particular, we have the follow
rate ratio of the loop induced mode and tree induced modes,

P
νBrðB̄0→Σ0Δ0νν̄Þ
BrðB̄0→pΔ0lν̄Þ

¼2.11β0×
�
0.0036
jVubj

�
2

×10−3; ð71Þ

where β0 is of order one. In fact as shown in Table XVII, we
have β0 ¼ 1.01 and 1.03 in model 1 and 2, respectively. The
ratio in Eq. (71) can be a test of SM.
From Tables XIV, XVI and IX, we find that B̄0 →

Δþþp̄lν̄, B̄0 → Σ�þΛ̄lν̄, B− → Δþp̄lν̄, B− → Δ0n̄lν̄,
B̄0 → Σ�þp̄νν̄ and B− → Σ�−n̄νν̄ decays have good

detectability and relatively unsuppressed rates. The rate
ratios of these loop induced modes and tree induced modes
can be sensible tests of SM. For example, we have the
following rate ratio,

P
νBrðB̄0→Σ�þp̄νν̄Þ
BrðB̄0→Δþþp̄lν̄Þ ¼4.55κ00×

�
0.0036
jVubj

�
2

×10−4; ð72Þ

where κ00 is of order one. In fact, as shown in Table XVII,
we have κ00 ¼ 1.86 and 2.24 in model 1 and 2, respectively.

The differential rates dBr=dm
pΔ0 of B̄0 → pΔ0l−ν̄

decay and dBr=dmΔþþp̄ of B̄0 → Δþþp̄l−ν̄ decay from
model 1 and model 2 are plotted in Fig. 4. They can be
compared to the dashed lines plotted using Eq. (62) with
γ ¼ 7. They clearly exhibit threshold enhancement as
expected.

C. B̄q → DD̄0lν̄ and B̄q → DD̄0νν̄ decay rates

As shown in Table VIII, the B̄q → DD̄0lν decay ampli-
tudes are governed by tree TDD̄ and annihilation ADD̄

amplitudes, while the B̄q → DD̄0νν̄ decay amplitudes are
governed by penguin-boxPB and penguin-box-annihilation
PBA amplitudes. The penguin-box and tree amplitudes are

TABLE XIII. Branching ratios of B̄q → BD̄lν̄ and B̄q → BD̄νν̄ decays. The last factors are the SU(3) breaking from threshold
enhancement estimated using Eq. (62) with γ ¼ 7, and parameters β0; κ0; σ0; ξ0;ω0 are expected to be of order 1.

Mode BrðB̄q → BD̄lν̄Þð10−8Þ Mode BrðB̄q → BD̄lν̄Þð10−8Þ
B− → pΔþlν̄ 2a0 B− → nΔ0lν̄ 2a0 × ð0.993Þ
B− → ΣþΣ�þlν̄ 2a0 × ð0.130σ0Þ B− → Σ0Σ�0lν̄ 1

2
a0 × ð0.128σ0Þ

B− → Ξ0Ξ�0lν̄ 2a0 × ð0.0384ξ0Þ B− → ΛΣ�0lν̄ 3
2
a0 × ð0.184σ0Þ

B̄0 → pΔ0lν̄ 1.85a0 B̄0 → nΔ−lν̄ 5.56a0 × ð0.993Þ
B̄0 → ΣþΣ�0lν̄ 0.93a0 × ð0.130σ0Þ B̄0 → Σ0Σ�−lν̄ 0.93a0 × ð0.125σ0Þ
B̄0 → Ξ0Ξ�−lν̄ 1.85a0 × ð0.0379ξ0Þ B̄0 → ΛΣ�−lν̄ 2.78a0 × ð0.181σ0Þ
B̄0
s → pΣ�0lν̄ 0.93a0 × ð0.444β0Þ B̄0

s → nΣ�−lν̄ 1.86a0 × ð0.434β0Þ
B̄0
s → ΣþΞ�0lν̄ 1.86a0 × ð0.0662κ0Þ B̄0

s → Σ0Ξ�−lν̄ 1.86a0 × ð0.0643κ0Þ
B̄0
s → Ξ0Ω−lν̄ 5.59a0 × ð0.0215ω0Þ B̄0

s → ΛΞ�−lν̄ 2.79a0 × ð0.0906κ0Þ

Mode
P

ν BrðB̄q → BD̄νν̄Þð10−10Þ Mode
P

ν BrðB̄q → BD̄νν̄Þð10−10Þ
B− → ΣþΔþþνν̄ 2.40a0 × ð0.269β0Þ B− → Σ0Δþνν̄ 1.60a0 × ð0.264β0Þ
B− → Σ−Δ0νν̄ 0.80a0 × ð0.258β0Þ B− → Ξ0Σ�þνν̄ 0.80a0 × ð0.0734κ0Þ
B− → Ξ−Σ�0νν̄ 0.40a0 × ð0.0709κ0Þ
B̄0 → ΣþΔþνν̄ 0.74a0 × ð0.269β0Þ B̄0 → Σ0Δ0νν̄ 1.48a0 × ð0.264β0Þ
B̄0 → Σ−Δ−νν̄ 2.22a0 × ð0.258β0Þ B̄0 → Ξ0Σ�0νν̄ 0.37a0 × ð0.0731κ0Þ
B̄0 → Ξ−Σ�−νν̄ 0.74a0 × ð0.0698κ0Þ
B̄0
s → ΣþΣ�þνν̄ 0.75a0 × ð0.130σ0Þ B̄0

s → Σ0Σ�0νν̄ 0.75a0 × ð0.128σ0Þ
B̄0
s → Σ−Σ�−νν̄ 0.75a0 × ð0.123σ0Þ B̄0

s → Ξ0Ξ�0νν̄ 0.75a0 × ð0.0384ξ0Þ
B̄0
s → Ξ−Ξ�−νν̄ 0.75a0 × ð0.0368ξ0Þ

CHUN-KHIANG CHUA PHYS. REV. D 108, 056001 (2023)

056001-20



related by a proportional constant ζ, while the penguin-box-
annihilation and annihilation amplitudes are related by the
same constant, see Eq. (20). The B̄q → DD̄0lν decay rates
can be parametrized by 5 parameters, namely, a000, b000, c000,
d000, and e000, where the first four are contributed from tree and
annihilation amplitudes,with the following amplitudesTDD̄,
TDD̄ þ ADD̄=6,TDD̄ þ ADD̄=4,TDD̄ þ ADD̄=2, respectively,
while the last one is only from the annihilation amplitude,
ADD̄. The same set of parameters can be used in
B̄q → DD̄0νν̄ decay rates as the topological amplitudes
are proportional to those in B̄q → DD̄0lν decays by the
common factor, ζ. Note that the above parameters corre-
spond to the rates in the SU(3) symmetric limit.
Using the triangle inequality Eq. (61), we obtain the

following relations,

ð
ffiffiffiffiffiffi
a000

p
−

ffiffiffiffiffiffi
e000

p
=6Þ2 ≲ b000 ≲ ð

ffiffiffiffiffiffi
a000

p
þ

ffiffiffiffiffiffi
e000

p
=6Þ2;

ð
ffiffiffiffiffiffi
a000

p
−

ffiffiffiffiffiffi
e000

p
=4Þ2 ≲ c000 ≲ ð

ffiffiffiffiffiffi
a000

p
þ

ffiffiffiffiffiffi
e000

p
=4Þ2;

ð
ffiffiffiffiffiffi
a000

p
−

ffiffiffiffiffiffi
e000

p
=2Þ2 ≲ d000 ≲ ð

ffiffiffiffiffiffi
a000

p
þ

ffiffiffiffiffiffi
e000

p
=2Þ2: ð73Þ

As in the case of B̄q → BB̄0lν̄ decays, it is expected that the
contributions from annihilation amplitudes to be much
suppressed than others. Consequently, we should have

e000 ≪ a000 and the above inequalities lead to the following
relations,

a000 ≃ b000 ≃ c000 ≃ d000 ≫ e000: ð74Þ

As in other B̄q → BB̄0lν̄ðνν̄Þ decays, threshold enhance-
ments in the differential rates of B̄q → DD̄0lν̄ and B̄q →
DD̄0νν̄ decays are anticipated. They will lead to large SU(3)
breaking effect on B̄q → DD̄0lν̄ and B̄q → DD̄0νν̄ decay
rates. The SU(3) breaking on rates from the threshold
enhancement can be estimated as in the B̄q → BB̄0lν̄ case,
once the differential rate of a B̄q → DD̄0lν̄ decay mode is
measured. Apparently, no such information is available at
this moment. We should make use of some model calcu-
lations to obtain information on the differential rates of
these modes for illustration. As we shall see, in the model
calculations the SU(3) breaking can be estimated using
Eq. (62) with γ ¼ 10 employing a similar procedure in the
discussion around Eq. (63), and the related parameters
β000; σ000; κ000; ξ000; υ000;ω000 denoting milder SU(3) breaking are
expected to be of order 1.
With these considerations the rates of B̄q → DD̄0lν and

DD̄0νν̄ decays are shown in Table XVIII. With parameters
a000 ≃ b000 ≃ c000 ≃ d000 ≫ e000 and SU(3) breaking parameters
β000; σ000; κ000; ξ000; υ000;ω000 of order 1, the relative sizes of

TABLE XIV. Branching ratios of B̄q → DB̄lν̄ and B̄q → DB̄νν̄ decays. The last factors are from the SU(3) breaking from threshold
enhancement estimated using Eq. (62) with γ ¼ 7, and parameters β00; κ00; σ00; ξ00;ω00 are expected to be of order one.

Mode BrðB̄q → DB̄lν̄Þð10−8Þ Mode BrðB̄q → DB̄lν̄Þð10−8Þ
B− → Δþp̄lν̄ 2a00 B− → Δ0n̄lν̄ 2a00 × ð0.991Þ
B− → Σ�þΣþlν̄ 2a00 × ð0.0660σ00Þ B− → Σ�0Σ0lν̄ 1

2
a00 × ð0.0643σ00Þ

B− → Ξ�0Ξ0lν̄ 2a00 × ð0.0130ξ00Þ B− → Σ�0Λ̄lν̄ 3
2
a00 × ð0.104σ00Þ

B̄0 → Δþþp̄lν̄ 5.56a00 B̄0 → Δþn̄lν̄ 1.85a00 × ð0.991Þ
B̄0 → Σ�þΣ0lν̄ 0.93a00 × ð0.0646σ00Þ B̄0 → Σ�0Σ−lν̄ 0.93a00 × ð0.0624σ00Þ
B̄0 → Ξ�0Ξ−lν̄ 1.85a00 × ð0.0125ξ00Þ B̄0 → Σ�þΛ̄lν̄ 2.78a00 × ð0.105σ00Þ
B̄0
s → ΔþþΣþlν̄ 5.59a00 × ð0.173β00Þ B̄0

s → ΔþΣ0lν̄ 3.73a00 × ð0.170β00Þ
B̄0
s → Δ0Σ−lν̄ 1.86a00 × ð0.164β00Þ B̄0

s → Σ�þΞ0lν̄ 1.86a00 × ð0.0308κ00Þ
B̄0
s → Σ�0Ξ−lν̄ 0.93a00 × ð0.0294κ00Þ

Mode
P

ν BrðB̄q → DB̄νν̄Þð10−10Þ Mode
P

ν BrðB̄q → DB̄νν̄Þð10−10Þ
B− → Σ�0p̄νν̄ 0.40a00 × ð0.339β00Þ B− → Σ�−n̄νν̄ 0.80a00 × ð0.328β00Þ
B− → Ξ�0Σþνν̄ 0.80a00 × ð0.0270κ00Þ B− → Ξ�−Σ0νν̄ 0.40a00 × ð0.0260κ00Þ
B− → Ω−Ξ0νν̄ 2.40a00 × ð0.00602ω00Þ B− → Ξ�−Λ̄νν̄ 1.20a00 × ð0.0408κ00Þ
B̄0 → Σ�þp̄νν̄ 0.74a00 × ð0.341β00Þ B̄0 → Σ�0n̄νν̄ 0.37a00 × ð0.336β00Þ
B̄0 → Ξ�0Σ0νν̄ 0.37a00 × ð0.0263κ00Þ B̄0 → Ξ�−Σ−νν̄ 0.74a00 × ð0.0251κ00Þ
B̄0 → Ω−Ξ−νν̄ 2.24a00 × ð0.00580ω00Þ B̄0 → Ξ�0Λ̄νν̄ 1.11a00 × ð0.0416κ00Þ
B̄0
s → Σ�þΣþνν̄ 0.75a00 × ð0.0660σ00Þ B̄0

s → Σ�0Σ0νν̄ 0.75a00 × ð0.0643σ00Þ
B̄0
s → Σ�−Σ−νν̄ 0.75a00 × ð0.0611σ00Þ B̄0

s → Ξ�0Ξ0νν̄ 0.75a00 × ð0.0130ξ00Þ
B̄0
s → Ξ�−Ξ−νν̄ 0.75a00 × ð0.0123ξ00Þ
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TABLE XVI. Same as Table XV but for branching ratios of B̄q → DB̄lν̄ and B̄q → DB̄νν̄ decays.

Mode Br1ð10−8Þ Br2ð10−8Þ Mode Br1ð10−8Þ Br2ð10−8Þ
B− → Δþp̄lν̄ 2.70 12.38 B− → Δ0n̄lν̄ 2.68 12.28

B− → Σ�þΣþlν̄ 0.26 1.45 B− → Σ�0Σ0lν̄ 0.065 0.36

B− → Ξ�0Ξ0lν̄ 0.056 0.37 B− → Σ�0Λ̄lν̄ 0.30 1.63

B̄0 → Δþþp̄lν̄ 7.51 34.45 B̄0 → Δþn̄lν̄ 2.48 11.40

B̄0 → Σ�þΣ0lν̄ 0.12 0.66 B̄0 → Σ�0Σ−lν̄ 0.12 0.64

B̄0 → Ξ�0Ξ−lν̄ 0.050 0.33 B̄0 → Σ�þΛ̄lν̄ 0.56 3.04

B̄0
s → ΔþþΣþlν̄ 2.05 9.47 B̄0

s → ΔþΣ0lν̄ 1.34 6.20

B̄0
s → Δ0Σ−lν̄ 0.65 3.02 B̄0

s → Σ�þΞ0lν̄ 0.14 0.80

B̄0
s → Σ�0Ξ−lν̄ 0.069 0.38

Mode
P

ν Br1ð10−10Þ
P

ν Br2ð10−10Þ Mode
P

ν Br1ð10−10Þ
P

ν Br2ð10−10Þ
B− → Σ�0p̄νν̄ 0.21 1.16 B− → Σ�−n̄νν̄ 0.42 2.26

B− → Ξ�0Σþνν̄ 0.045 0.29 B− → Ξ�−Σ0νν̄ 0.022 0.14

B− → Ω−Ξ0νν̄ 0.030 0.23 B− → Ξ�−Λ̄νν̄ 0.099 0.64

B̄0 → Σ�þp̄νν̄ 0.40 2.16 B̄0 → Σ�0n̄νν̄ 0.20 1.07

B̄0 → Ξ�0Σ0νν̄ 0.020 0.13 B̄0 → Ξ�−Σ−νν̄ 0.039 0.25

B̄0 → Ω−Ξ−νν̄ 0.027 0.21 B̄0 → Ξ�0Λ̄νν̄ 0.094 0.60

B̄0
s → Σ�þΣþνν̄ 0.12 0.63 B̄0

s → Σ�0Σ0νν̄ 0.11 0.62

B̄0
s → Σ�−Σ−νν̄ 0.11 0.59 B̄0

s → Ξ�0Ξ0νν̄ 0.025 0.16

B̄0
s → Ξ�−Ξ−νν̄ 0.024 0.16

TABLE XV. Branching ratios of B̄q → BD̄lν̄ and B̄q → BD̄νν̄ decays in model 1 and model 2. Br1 and Br2 denote results in model 1
and model 2, respectively.

Mode Br1ð10−8Þ Br2ð10−8Þ Mode Br1ð10−8Þ Br2ð10−8Þ
B− → pΔþlν̄ 2.30 14.48 B− → nΔ0lν̄ 2.28 14.38

B− → ΣþΣ�þlν̄ 0.22 1.48 B− → Σ0Σ�0lν̄ 0.054 0.36

B− → Ξ0Ξ�0lν̄ 0.046 0.32 B− → ΛΣ�0lν̄ 0.25 1.65

B̄0 → pΔ0lν̄ 2.13 13.44 B̄0 → nΔ−lν̄ 6.35 40.01

B̄0 → ΣþΣ�0lν̄ 0.10 0.68 B̄0 → Σ0Σ�−lν̄ 0.098 0.66

B̄0 → Ξ0Ξ�−lν̄ 0.042 0.29 B̄0 → ΛΣ�−lν̄ 0.45 2.30

B̄0
s → pΣ�0lν̄ 0.48 3.08 B̄0

s → nΣ�−lν̄ 0.94 5.99

B̄0
s → ΣþΞ�0lν̄ 0.10 0.70 B̄0

s → Σ0Ξ�−lν̄ 0.049 0.34

B̄0
s → Ξ0Ω−lν̄ 0.069 0.49 B̄0

s → ΛΞ�−lν̄ 0.22 1.51

Mode
P

ν Br1ð10−10Þ
P

ν Br2ð10−10Þ Mode
P

ν Br1ð10−10Þ
P

ν Br2ð10−10Þ
B− → ΣþΔþþνν̄ 0.64 4.27 B− → Σ0Δþνν̄ 0.42 2.79

B− → Σ−Δ0νν̄ 0.20 1.36 B− → Ξ0Σ�þνν̄ 0.043 0.30

B− → Ξ−Σ�0νν̄ 0.021 0.14

B̄0 → ΣþΔþνν̄ 0.20 1.32 B̄0 → Σ0Δ0νν̄ 0.39 2.59

B̄0 → Σ−Δ−νν̄ 0.57 3.78 B̄0 → Ξ0Σ�0νν̄ 0.020 0.14

B̄0 → Ξ−Σ�−νν̄ 0.038 0.26

B̄0
s → ΣþΣ�þνν̄ 0.097 0.65 B̄0

s → Σ0Σ�0νν̄ 0.095 0.64

B̄0
s → Σ−Σ�−νν̄ 0.090 0.61 B̄0

s → Ξ0Ξ�0νν̄ 0.021 0.14

B̄0
s → Ξ−Ξ�−νν̄ 0.019 0.14
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B̄q → DD̄0lν and DD̄0νν̄ decay rates can be readily read
from the table. From Tables XVIII and IX we note that
B− → ΔþþΔþþlν̄ decay mode has the largest rate and good
detectability. It is also among the least suppressed modes by
SU(3) breaking effect from the threshold enhancement even
if γ ¼ 10 in Eq. (62) is not borne out. For B̄q → DD̄0νν̄
modes, B− → Σ�þΔþþνν̄ decay has relatively unsup-
pressed rate and good detectability. The above assumption
of neglecting annihilation contributions can be checked
by searching the B− → Σ�−Σ�−lν̄ decay mode, which is a
pure annihilation mode but with final states of good
detectability.
Using inputs from Sec. II B and the formulas given

Appendix B, the branching ratios of B̄q → DD̄0lν̄ and
B̄q → DD̄0νν̄ in model 1 and 2 are obtained and are shown
in Table XIX. These results are new.
From Table XIX, we see that the branching ratios

of B̄q → DD̄0lν̄ decays of nonannihilation modes are in
the ranges of 10−9–10−7 in model 1 and 2, whileP

ν BrðB̄q → DD̄0lννÞ are in the ranges of 10−12–10−10

and 10−11–10−10 in model 1 and 2, respectively. The
rates in model 2 are greater than those in model 1 by a
factor of 3. This corresponds to the fact that jTDD̄j in
model 2 is greater than one the in model 1 as reflected
through the sizes of a000 in these two models as shown in
Table XX. This is not surprising as we noted previously,
the sizes of topological amplitudes jT1BB̄j, jT2BB̄j
jTBD̄j and jTDB̄j in model 2 are greater than those in
model 1.
The differential rates dBr=dmΔþþΔþþ of B− →

ΔþþΔþþl−ν̄ decay from model 1 and model 2 are shown
in Fig. 5, they can be compared to the one plotted using
Eq. (62) with γ ¼ 10. They clearly exhibit threshold
enhancement as in other B̄q → BB̄0lν̄ decays.

From Table XX, we see that the parameters
β000; κ000; σ000; ξ000, υ000, ω0, β̄000; κ̄000 and ω̄000 denoting milder
SU(3) breaking are indeed of order one and are similar in
model 1 and 2. Furthermore, β̄000=β000, κ̄000=κ000 and ω̄000=ω000
are close to one as expected.
By taking into account the sensitivity of detection, see

Table IX, and decay rates, see Tables XVIII and XIX,
we find that the following decay modes have relatively
unsuppressed rates and good detectability, they are

B− → ΔþþΔþþlν̄, B− → Δ0Δ0lν̄, B− → Σ�þΣ�þlν̄, B̄0
s →

ΔþþΣ�þlν̄, B̄0
s → Δ0Σ�−lν̄, B̄0

s → Σ�þΞ�0lν̄, B− → Σ�þ

Δþþνν̄, B− → Σ�−Δ0νν̄, B− → Ξ�0Σ�þνν̄, B̄0
s → Σ�þ

Σ�þνν̄, B̄0
s → Σ�−Σ�−νν̄, B̄0

s → Ξ�0Ξ�0νν̄ decays.
Ratios of rates from loop induced modes and tree

induced modes are sensible test of the SM. From
Table XVIII, we obtain

TABLE XVII. Values of various parameters in model 1 and
model 2.

Parameters Values (Model 1) Values (Model 2)

a0 1.15 7.24
β0 1.01 1.03
κ0 0.72 0.78
σ0 0.74 0.79
ξ0 0.52 0.57
ω0 0.50 0.56

Parameters Values (Model 1) Values (Model 2)

a00 1.35 6.19
β00 1.57 1.58
κ00 1.86 2.24
σ00 1.49 1.78
ξ00 1.58 2.29
ω00 1.53 2.59

FIG. 4. (a) Differential rate dBr=dm
pΔ0 of B̄0 → pΔ0l−ν̄ decay

from model 1 (orange solid line) and model 2 (green solid line).
The dashed lines are dBr=dm

pΔ0 using Eq. (62) with γ ¼ 7.

(b) Same as (a) but for the differential rate dBr=dmΔþþp̄ of B̄0 →
Δþþp̄l−ν̄ decay.
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P
νBrðB̄0

s → Σ�þΣ�þνν̄Þ
BrðB− → Δ0Δ0lν̄Þ

¼ 4.66σ000 ×
�
0.0036
jVubj

�
2

× 10−4;

P
νBrðB̄0

s → Σ�−Σ�−νν̄Þ
BrðB− → Δ0Δ0lν̄Þ

¼ 4.40σ000 ×
�
0.0036
jVubj

�
2

× 10−4;

ð75Þ

and

P
νBrðB−→Σ�þΔþþνν̄Þ
BrðB̄0

s →ΔþþΣ�þlν̄Þ ¼4.29
β̄000

β000
×

�
0.0036
jVubj

�
2

×10−3;

P
νBrðB−→Σ�−Δ0νν̄Þ
BrðB̄0

s →Δ0Σ�−lν̄Þ ¼4.29
β̄000

β000
×

�
0.0036
jVubj

�
2

×10−3;

P
νBrðB−→Ξ�0Σ�þνν̄Þ
BrðB̄0

s →Σ�þΞ�0lν̄Þ
¼4.29

κ̄000

κ000
×

�
0.0036
jVubj

�
2

×10−3;

ð76Þ

where σ000 is expected to be of order one, while β̄000=β000 and
κ̄000=κ000 are expected to be close to one. In fact as shown in
Table XX, we have σ000 ¼ 1.40ð1.43Þ, β̄000=β000 ¼ 0.83ð0.85Þ
and κ̄000=κ000 ¼ 0.81ð0.83Þ in model 1 (2), which are indeed
agree with the above expectations. Note that the ratios in
Eqs. (75) and (76) do not involve the small e000 assumption,
and the ratios in Eq. (76) are less sensitive to the SU(3)
breaking from threshold enhancement. These ratios can be
checked experimentally.

V. DISCUSSIONS AND CONCLUSION

We study the decay amplitudes and rates of B̄q → BB̄0lν̄
and B̄q → BB̄0νν̄ decays with all low lying octet ðBÞ and
decuplet ðDÞ baryons using a topological amplitude
approach. The decay amplitudes are decomposed into
combinations of topological amplitudes. In B̄q → BB̄0lν̄
decays we need three topological amplitudes, namely two
tree amplitudes, T2BB̄, T1BB̄ and one annihilation

TABLE XVIII. Branching ratios of B̄q → DD̄0lν̄ and B̄q → DD̄0νν̄ decays. Parameters a000, b000, c000, d000 are expected to be of similar
sizes, while e000 is expected to be much suppressed. The last factors are SU(3) breaking from threshold enhancement, estimated uisng
Eq. (62) with γ ¼ 10, and parameters β000; σ000; κ000; ξ000; υ000;ω000 are expected to be of order 1.

Mode BrðB̄q → DD̄0lν̄Þð10−8Þ Mode BrðB̄q → DD̄0lν̄Þð10−8Þ
B− → ΔþþΔþþlν̄ 36b000 B− → ΔþΔþlν̄ 16a000

B− → Δ0Δ0lν̄ 4d000 B− → Δ−Δ−lν̄ e000

B− → Σ�þΣ�þlν̄ 16c000 × ð0.125σ000Þ B− → Σ�0Σ�0lν̄ 4d000 × ð0.124σ000Þ
B− → Σ�−Σ�−lν̄ e000 × ð0.118σ000Þ B− → Ξ�0Ξ�0lν̄ 4d000 × ð0.0198ξ000Þ
B− → Ξ�−Ξ�−lν̄ e000 × ð0.0191ξ000Þ B− → Ω−Ω−lν̄ e000 × ð0.00407υ000Þ
B̄0 → ΔþþΔþlν̄ 11.1a000 B̄0 → ΔþΔ0lν̄ 14.8a000

B̄0 → Δ0Δ−lν̄ 11.1a000 B̄0 → Σ�þΣ�0lν̄ 7.4a000 × ð0.124σ000Þ
B̄0 → Σ�0Σ�−lν̄ 7.4a000 × ð0.121σ000Þ B̄0 → Ξ�0Ξ�−lν̄ 3.7a000 × ð0.0195ξ000Þ
B̄0
s → ΔþþΣ�þlν̄ 11.2a000 × ð0.343β000Þ B̄0

s → ΔþΣ�0lν̄ 7.5a000 × ð0.341β000Þ
B̄0
s → Δ0Σ�−lν̄ 3.7a000 × ð0.333β000Þ B̄0

s → Σ�þΞ�0lν̄ 14.9a000 × ð0.0486κ000Þ
B̄0
s → Σ�0Ξ�−lν̄ 7.5a000 × ð0.0474κ000Þ B̄0

s → Ξ�0Ω−lν̄ 11.2a000 × ð0.00883ω000Þ

Mode
P

ν BrðB̄q → DD̄0νν̄Þð10−10Þ Mode
P

ν BrðB̄q → DD̄0νν̄Þð10−10Þ
B− → Σ�þΔþþνν̄ 4.80a000 × ð0.343β̄000Þ B− → Σ�0Δþνν̄ 3.20a000 × ð0.341β̄000Þ
B− → Σ�−Δ0νν̄ 1.60a000 × ð0.333β̄000Þ B− → Ξ�0Σ�þνν̄ 6.40a000 × ð0.0486κ̄000Þ
B− → Ξ�−Σ�0νν̄ 3.20a000 × ð0.0474κ̄000Þ B− → Ω−Ξ�0νν̄ 4.80a000 × ð0.00883ω̄000Þ
B̄0 → Σ�þΔþνν̄ 1.48a000 × ð0.343β̄000Þ B̄0 → Σ�0Δ0νν̄ 2.97a000 × ð0.341β̄000Þ
B̄0 → Σ�−Δ−νν̄ 4.45a000 × ð0.333β̄000Þ B̄0 → Ξ�0Σ�0νν̄ 2.97a000 × ð0.0484κ̄000Þ
B̄0 → Ξ�−Σ�−νν̄ 5.93a000 × ð0.0464κ̄000Þ B̄0 → Ω−Ξ�−νν̄ 4.45a000 × ð0.00867ω̄000Þ
B̄0
s → ΔþþΔþþνν̄ 0.37e000 B̄0

s → ΔþΔþνν̄ 0.37e000

B̄0
s → Δ0Δ0νν̄ 0.37e000 B̄0

s → Δ−Δ−νν̄ 0.37e000

B̄0
s → Σ�þΣ�þνν̄ 1.49d000 × ð0.125σ000Þ B̄0

s → Σ�0Σ�0νν̄ 1.49d000 × ð0.124σ000Þ
B̄0
s → Σ�−Σ�−νν̄ 1.49d000 × ð0.118σ000Þ B̄0

s → Ξ�0Ξ�0νν̄ 5.96c000 × ð0.0198ξ000Þ
B̄0
s → Ξ�−Ξ�−νν̄ 5.96c0000 × ð0.0191ξ000Þ B̄0

s → Ω−Ω−νν̄ 13.42b0000 × ð0.00407υ000Þ
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amplitude, ABB̄. In B̄q → BD̄lν̄ decays only one tree
amplitude, TBD̄, is needed. Likewise in B̄q → DB̄lν̄ decays,
we only need one tree amplitude, TDB̄. Lastly in B̄q →
DD̄0lν̄ decays, two topological amplitudes, namely a tree
amplitude, TDD̄, and an annihilation amplitude, ADD̄, are
needed. In loop induced decay modes, we have three
topological amplitudes, namely two penguin-box ampli-
tudes PB2BB̄, PB1BB̄ and one penguin-box-annihilation
amplitude, PBABB̄, in B̄q → BB̄0νν̄ decays, one topological
amplitude, namely a penguin-box amplitude, PBBD̄, in
B̄q → BD̄νν̄ decays, one topological amplitude, namely a
penguin-box amplitude, PBDB̄, in B̄q → DB̄νν̄ decays, two
topological amplitudes, namely a penguin-box amplitude,
PBDD̄, and a penguin-box-annihilation amplitude, PBADD̄,
in B̄q → DD̄0νν̄ decays. As the numbers of independent
topological amplitudes are highly limited, there are plenty
of relations on these B̄q → BB̄0lν̄ and BB̄0νν̄ decay
amplitudes. Furthermore, the loop topological amplitudes
and tree topological amplitudes have simple relations, as

TABLE XIX. Branching ratios of B̄q → DD̄0lν̄ and B̄q → DD̄0νν̄ decays in model 1 and 2. Br1 and Br2 denote results in model 1 and
model 2, respectively. Those with vanishing rates are pure annihilation or penguin-box annihilation modes.

Mode Br1ð10−8Þ Br2ð10−8Þ Mode Br1ð10−8Þ Br2ð10−8Þ
B− → ΔþþΔþþlν̄ 16.92 48.26 B− → ΔþΔþlν̄ 7.52 21.45

B− → Δ0Δ0lν̄ 1.88 5.36 B− → Δ−Δ−lν̄ 0 0

B− → Σ�þΣ�þlν̄ 1.32 3.83 B− → Σ�0Σ�0lν̄ 0.33 0.95

B− → Σ�−Σ�−lν̄ 0 0 B− → Ξ�0Ξ�0lν̄ 0.060 0.18

B− → Ξ�−Ξ�−lν̄ 0 0 B− → Ω−Ω−lν̄ 0 0

B̄0 → ΔþþΔþlν̄ 5.23 14.93 B̄0 → ΔþΔ0lν̄ 6.98 19.90

B̄0 → Δ0Δ−lν̄ 5.23 14.93 B̄0 → Σ�þΣ�0lν̄ 0.61 1.77

B̄0 → Σ�0Σ�−lν̄ 0.60 1.72 B̄0 → Ξ�0Ξ�−lν̄ 0.055 0.16

B̄0
s → ΔþþΣ�þlν̄ 2.59 7.45 B̄0

s → ΔþΣ�0lν̄ 1.72 4.94

B̄0
s → Δ0Σ�−lν̄ 0.84 2.42 B̄0

s → Σ�þΞ�0lν̄ 0.64 1.85

B̄0
s → Σ�0Ξ�−lν̄ 0.31 0.91 B̄0

s → Ξ�0Ω−lν̄ 0.093 0.27

Mode
P

ν Br1ð10−10Þ
P

ν Br2ð10−10Þ Mode
P

ν Br1ð10−10Þ
P

ν Br2ð10−10Þ
B− → Σ�þΔþþνν̄ 0.92 2.70 B− → Σ�0Δþνν̄ 0.61 1.79

B− → Σ�−Δ0νν̄ 0.30 0.88 B− → Ξ�0Σ�þνν̄ 0.22 0.66

B− → Ξ�−Σ�0νν̄ 0.11 0.32 B− → Ω−Ξ�0νν̄ 0.031 0.095

B̄0 → Σ�þΔþνν̄ 0.28 0.83 B̄0 → Σ�0Δ0νν̄ 0.57 1.66

B̄0 → Σ�−Δ−νν̄ 0.83 2.44 B̄0 → Ξ�0Σ�0νν̄ 0.10 0.30

B̄0 → Ξ�−Σ�−νν̄ 0.20 0.59 B̄0 → Ω−Ξ�−νν̄ 0.029 0.086

B̄0
s → ΔþþΔþþνν̄ 0 0 B̄0

s → ΔþΔþνν̄ 0 0

B̄0
s → Δ0Δ0νν̄ 0 0 B̄0

s → Δ−Δ−νν̄ 0 0

B̄0
s → Σ�þΣ�þνν̄ 0.15 0.43 B̄0

s → Σ�0Σ�0νν̄ 0.14 0.43

B̄0
s → Σ�−Σ�−νν̄ 0.14 0.41 B̄0

s → Ξ�0Ξ�0νν̄ 0.11 0.33

B̄0
s → Ξ�−Ξ�−νν̄ 0.11 0.32 B̄0

s → Ω−Ω−νν̄ 0.049 0.15

TABLE XX. Values of various parameters in model 1 and
model 2. Other parameters can be obtained by using this table and
Eq. (74).

Parameters Values (Model 1) Values (Model 2)

a000 0.47 1.34
e000 0 0

β000 1.43 1.45
κ000 1.87 1.91
σ000 1.40 1.43
ξ000 1.62 1.65
υ000 1.93 2.03
ω000 2.01 2.06
β̄000 1.19 1.22
κ̄000 1.51 1.58
ω̄000 1.58 1.66

β̄000=β000 0.83 0.85
κ̄000=κ000 0.81 0.83
ω̄000=ω000 0.79 0.81
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their ratios are determined by the CKM factors and loop
functions.
It is known that the B− → pp̄μ−ν̄ differential rate

exhibits threshold enhancement, which is expected to hold
in all other B̄q → BB̄0lν̄ðνν̄Þ decay modes. These Bq

decays have large phase space and one normally does
expect the SU(3) breaking in baryon masses to have large
SU(3) breaking effects on the Bq decay rates. However, the
threshold enhancement effectively squeezes the phase
space to the threshold region and thus mimics the decay
just above threshold situation. It amplifies the effects of
SU(3) breaking in final state baryon masses, consequently,
the decay rates may differ by orders of magnitudes even if
their amplitudes are of similar sizes. In this work, the
B− → pp̄μ−ν̄ differential rate and model calculations with
available theoretical inputs from Ref. [8,9], which can
reproduce the observed differential rate, are used to
estimate the SU(3) breaking from threshold enhancement.
We find that the differential rates dBr=dmBB̄0 of
B̄q → BB̄0lν̄ðνν̄Þ decays can be parametrized as

dBr
dmBB̄0

¼ N
ðm2

BB̄0 Þγ ðmBB̄0 −mB −mB̄0 Þ; ð77Þ

with γ and N some constants, and we obtain γ ¼ 9, 7, 7, 10
for B̄q → BB̄0lν̄ðνν̄Þ, B̄q → BD̄lν̄ðνν̄Þ, B̄q → DB̄lν̄ðνν̄Þ
and B̄q → DD̄0lν̄ðνν̄Þ decays, respectively. SU(3) breaking
from threshold enhancement can be estimated using the
above equation. The estimations on SU(3) breaking from
threshold enhancement are supported by model calcula-
tions and can be improved once differential rates of other
modes are measured.
Note that as shown in Figs. 1 and 3, although γ ¼ 9

agrees with dBr=dmpp̄ of B− → pp̄μ−ν̄ decay from
LHCb [3] and the theoretical calculations using inputs

from Refs. [8,9], which made use of QCD counting rules,
there are only four data points with non-negligible uncer-
tainties in the plots. Therefore the reliability of the value of
γ remains to be checked when more data is available.
In B̄q → BD̄lν̄ðνν̄Þ, B̄q → DB̄lν̄ðνν̄Þ and B̄q → DD̄0lν̄ðνν̄Þ
decays, the values of γ are determined by comparing to
numerical results of the theoretical calculations. It should
be noted that there are some assumptions employed in the
theoretical calculations. Therefore these γ should be taken
as illustrations for the moment. The estimations on
SU(3) breaking from threshold enhancement can be
improved once differential rates of these modes are
measured. In particular, in B̄q → BD̄lν̄ðDB̄lν̄Þ decays, as
there is only one topological amplitude, namely TBD̄ (TDB̄),
the rates of all other modes [including B̄q → BD̄νν̄ðDB̄νν̄Þ
modes] can be estimated without resorting to model
calculations, once the total rate and the differential rate
of a single mode is measured. The same situation also
applies to B̄q → DD̄0lν̄ðνν̄Þ decays as long as the decuplet
and antidecuplet baryons are not related by charge con-
jugation, as there is only one topological amplitude, namely
TDD̄ (PBDD̄) in these decays. It is therefore interesting to
see the experimental results in these modes.
In the model calculations, we find that the B̄q → BB̄0lν̄

branching ratios are of the orders 10−8–10−6 for non-
annihilation modes, while the branching ratios of B̄q →
BB̄0νν̄ decays are of the orders of 10−11–10−8 for non-
penguin-box-annihilation modes. The branching ratios of
B̄q → BD̄lν̄ and B̄q → DB̄lν̄ decays are in the ranges of
10−9–10−7 while

P
ν BrðB̄q → BD̄lννÞ and

P
ν BrðB̄q →

DB̄lννÞ are in the ranges of 10−12–10−10. The branching
ratios of B̄q → DD̄0lν̄ decays of nonannihilation modes are
in the ranges of 10−9–10−7, while

P
ν BrðB̄q → DD̄0lννÞ

are in the ranges of 10−12–10−10.
Modes with relatively unsuppressed rates and good

detectability are identified as following. In B̄q → BB̄0lν̄
and B̄q → BB̄0νν̄ decays, we have B− → pp̄lν̄, B̄0 → pn̄lν̄,
B̄0
s → pΛ̄lν̄, B− → Λp̄νν̄, B̄0 → Λn̄νν̄, and B̄0

s → ΛΛ̄νν̄
decays. In B̄q→BD̄lν̄ and B̄q→BD̄νν̄ decays, B̄0→pΔ0lν̄

and B̄0 → Σ0Δ0νν̄ have unsuppressed rates and good
detectability. While in B̄q → DB̄lν̄ and B̄q → DB̄νν̄
decays, B̄0 → Δþþp̄lν̄, B̄0 → Σ�þΛ̄lν̄, B− → Δþp̄lν̄,
B− → Δ0n̄lν̄, B̄0 → Σ�þp̄νν̄ and B− → Σ�−n̄νν̄ decay
modes are identified. Finally in B̄q → DD̄0lν̄ and B̄q →
DD̄0νν̄ decays, we find that the following decay modes
have unsuppressed rates and good detectability, they are

B− → ΔþþΔþþlν̄, B− → Δ0Δ0lν̄, B− → Σ�þΣ�þlν̄, B̄0
s →

ΔþþΣ�þlν̄, B̄0
s → Δ0Σ�−lν̄, B̄0

s → Σ�þΞ�0lν̄, B− → Σ�þ

Δþþνν̄, B− → Σ�−Δ0νν̄, B− → Ξ�0Σ�þνν̄, B̄0
s → Σ�þ

Σ�þνν̄, B̄0
s → Σ�−Σ�−νν̄, B̄0

s → Ξ�0Ξ�0νν̄ decays. These
modes can be searched experimentally in near future.

FIG. 5. Differential rate dBr=dmΔþþΔþþ of B− → ΔþþΔþþl−ν̄
decay from model 1 (orange solid line) and model 2 (green solid
line). The dashed lines are dBr=dmΔþþΔþþ using Eq. (62) with
γ ¼ 10.
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Ratios of rates of some loop induced B̄q → BB̄0νν̄
decays and tree induced B̄q → BB̄0lν̄ decays are predicted
and can be checked experimentally. They can be tests of the
SM. In particular, we predict

P
νBrðB−→Λp̄νν̄Þ
BrðB̄0

s →pΛ̄lν̄Þ ¼4.29
ᾱ

α
×

�
0.0036
jVubj

�
2

×10−3;

P
νBrðB̄0→Λn̄νν̄Þ
BrðB̄0

s →pΛ̄lν̄Þ ¼3.94
ᾱ

α
×
�
0.0036
jVubj

�
2

×10−3; ð78Þ

for B̄q → BB̄0νν̄;BB̄0lν̄ decays,

P
νBrðB̄0→Σ0Δ0νν̄Þ
BrðB̄0→pΔ0lν̄Þ

¼2.11β0×
�
0.0036
jVubj

�
2

×10−3; ð79Þ

for B̄q → BD̄νν̄;BD̄lν̄ decays,

P
νBrðB̄0→Σ�þp̄νν̄Þ
BrðB̄0→Δþþp̄lν̄Þ ¼4.55κ00×

�
0.0036
jVubj

�
2

×10−4; ð80Þ

for B̄q → DB̄νν̄;DB̄lν̄ decays, and

P
νBrðB̄0

s → Σ�þΣ�þνν̄Þ
BrðB− → Δ0Δ0lν̄Þ

¼ 4.66σ000 ×
�
0.0036
jVubj

�
2

× 10−4;

P
νBrðB̄0

s → Σ�−Σ�−νν̄Þ
BrðB− → Δ0Δ0lν̄Þ

¼ 4.40σ000 ×
�
0.0036
jVubj

�
2

× 10−4;

ð81Þ

and

P
νBrðB−→Σ�þΔþþνν̄Þ
BrðB̄0

s →ΔþþΣ�þlν̄Þ ¼4.29
β̄000

β000
×

�
0.0036
jVubj

�
2

×10−3;

P
νBrðB−→Σ�−Δ0νν̄Þ
BrðB̄0

s →Δ0Σ�−lν̄Þ ¼4.29
β̄000

β000
×

�
0.0036
jVubj

�
2

×10−3;

P
νBrðB−→Ξ�0Σ�þνν̄Þ
BrðB̄0

s →Σ�þΞ�0lν̄Þ
¼4.29

κ̄000

κ000
×

�
0.0036
jVubj

�
2

×10−3;

ð82Þ

for B̄q → DD̄0νν̄;DD̄0lν̄ decays. The parameters β0, κ00, and
σ000 are expected to be of order one, while the ratios ᾱ=α,
β̄000=β000 and κ̄000=κ000 are expected to be close to one. These
expectations are supported by model calculations. Note that
the ratios in Eqs. (78) and (82) are insensitive to the SU(3)
breaking from threshold enhancement, while those in
Eqs. (79)–(81) do depend on the estimations of SU(3)
breaking from threshold enhancement, which, however,
can be checked and improved when more modes are
discovered. The ratios which are insensitive to the

modeling of SU(3) breaking from threshold enhancement
can be tests of the SM.
The approach developed in this work can be applied to

some other related modes. In particular, B̄q → BB̄0lþl−
decays can be studied using a similar method. Given the
fact that the final states have good detectability, these are
interesting modes to be studied [41]. Further investigation
is needed as the governing operators in Heff , see for
example [42], are more complicated, where they have
structures beyond the simple V − A form considered in
this work [see Eq. (1)], and the (differential) decay rates can
be rather different. Nevertheless as long as the SU(3) flavor
structure of the amplitudes is concerned, the decomposi-
tions of B̄q → BB̄0lþl− decay amplitudes are identical to
those in B̄q → BB̄0νν̄ amplitudes presented in Tables V, VI,
VII and VIII. Relations of B̄q → BB̄0νν̄ amplitudes as
shown in Sec. III B are applicable to B̄q → BB̄0lþl−

amplitudes. Consequently, although the absolute sizes of
decay rates and the shapes of differential rates need further
investigation, the relative decay rates of B̄q → BB̄0lþl−

decays can be estimated using the results given in this
work, especially for modes with simple topological struc-
tures, such as B̄q → BD̄0νν̄, B̄q → DB̄0νν̄ decays and some
B̄q → DD̄0νν̄ decay modes. By naïvely using the results on
B̄q → BB̄0νν̄ decay rates in Tables XIII, XIV and XVIII, it
is expected that the following B̄q → BB̄0lþl− modes should
have relatively unsuppressed rates and good detectability.

These modes are B̄0 → Σ0Δ0lþl−, B̄0 → Σ�þp̄lþl−, B− →

Σ�þΔþþlþl−, B− → Σ�−Δ0lþl−, and B− → Ξ�0Σ�þlþl−
decays. In addition to the above modes, although having
much complicated topological structure, the B̄q → BB̄0lþl−

decay modes should also be searched, especially the
B− → Λp̄lþl− decay, which has good detectability. It will
be interesting to search for them.

ACKNOWLEDGMENTS

The author would like to thank Yu-Kuo Hsiao for
discussion. This work is supported in part by the
National Science and Technology Council of R. O. C.
under Grants No. NSTC-111-2112-M-033-007 and
NSTC-112-2112-M-033-006.

APPENDIX A: B̄q → BB̄0 MATRIX ELEMENTS
IN THE ASYMPTOTIC LIMIT

We discuss B̄q → BB̄0 transition matrix elements in the
asymptotic limit in this appendix. We follow Ref. [37] to
obtain the asymptotic limit of these matrix elements. The
wave function of a octet or decuplet baryon with helicity
λ ¼ −1=2 can be expressed as

jB;↓i ∼ 1ffiffiffi
3

p ðjB;↓↑↓i þ jB;↓↓↑i þ jB;↑↓↓iÞ; ðA1Þ
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which are composed of 13-, 12- and 23-symmetric terms, respectively. For octet baryons, we have

jp;↓↑↓i ¼
�
dð1Þuð3Þ þ uð1Þdð3Þffiffiffi

6
p uð2Þ −

ffiffiffi
2

3

r
uð1Þdð2Þuð3Þ

�
j↓↑↓i;

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

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

3
p sð2Þ þ uð2Þdð3Þ þ dð2Þuð3Þ

2
ffiffiffi
3

p sð1Þ þ uð1Þdð2Þ þ dð1Þuð2Þ
2

ffiffiffi
3

p sð3Þ
�
j↓↑↓i;

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

jΛ;↓↑↓i ¼
�
dð2Þuð3Þ − uð2Þdð3Þ

2
sð1Þ þ uð1Þdð2Þ − dð1Þuð2Þ

2
sð3Þ

�
j↓↑↓i;

jΞ0;↓↑↓i ¼ ðjp;↓↑↓i with u; d → s; uÞ;
jΞ−;↓↑↓i ¼ ð−jp;↓↑↓i with u → sÞ; ðA2Þ
and for decuplet baryons, we have

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

jΔþ;↓↑↓i ¼ 1ffiffiffi
3

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

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

jΣ�0;↓↑↓i ¼ 1ffiffiffi
6

p ½uð1Þdð2Þsð3Þ þ permutation�j↓↑↓i;

jΩ−;↓↑↓i ¼ ðjΔþþ;↓↑↓i with u → sÞ; ðA3Þ

for the jB;↓↑↓i parts. while the 12- and 23-symmetric
parts can be easily obtained by suitable permutation.
The transition matrix element can be expressed as

hBB̄0jq̄LγμbLjB̄q0 i ¼ iūLðpBÞγμvLðpB̄0 ÞGL

þ iūRðpBÞγμvRðpB̄0 ÞGR

þ iūLðpBÞFμvRðpB̄0 Þ; ðA4Þ
where Fμ can be expressed as

Fμ ¼ aFσμνqν þ bFqμ þ cFðpB þ pB̄0 Þμ þ dFðpB − pB̄0 Þμ;
ðA5Þ

with q≡ pBq
− pB − pB̄0 and form factors aF, bF, cF, and

dF. These GL, GR, and Fμ depends on the decaying meson
and the final state baryon pair.
We use spacelike case for illustration. Using the

approach similar to those in [10–13,25,37] the above form
factors GL, GR, and Fμ can be expressed in terms of three
universal form factors, Gk, Gk, and F μ as following,

GL ¼ ekGk; GR ¼ ekGk; Fμ ¼ eFF μ; ðA6Þ

where the coefficients ek, ek, and eF are given by

ek ¼ ðhB;↓↑↓jO½q0Lð1Þ → qLð1Þ�jB0;↓↑↓i
þ hB;↓↑↓jO½q0Lð3Þ → qLð3Þ�jB0;↓↑↓iÞ;

ek ¼ hB;↑↓↑jO½q0Lð2Þ → qLð2Þ�jB0;↑↓↑i;
eF ¼ ðhB;↓↓↑jO½q0Rð1Þ → qLð1Þ�jB0;↑↓↑i

þ hB;↑↓↓jO½q0Rð3Þ → qLð3Þ�jB0;↑↓↑iÞ: ðA7Þ

Note that q0 is the anti-quark in B̄q0 meson and q is the
quark in the q̄LγμbL current. Applying Q½q0Lð1Þ → qLð1Þ�
to jB0;↓↑↓i changes the parallel spin q0ð1Þj↓i part of
jB0;↓↑↓i to a parallel spin qð1Þj↓i part, where the flavor is
changed from q0 to q, and likewise for the operation of
O½q0Lð3Þ → qLð3Þ� on jB0;↓↑↓i. As the operation involves
only the parallel spin component, the coefficient is called ek
and the correspondent form factor is Gk. Likewise ek
involves only the anti-parallel spin component, while eF
involves operations that flip the spin of the quark in
addition to changing the flavor from q0 to q. Note that
annihilation diagram is not included in the above analysis,
as the flavor flow structure is different, see Fig. 2, where, as
far as the flavor structure is concern, B̄q0 is annihilated by
the current and the baryon pair is created from vacuum. The
coefficients ek, ek and eF for all relevant transitions
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considered in this work are obtained accordingly and are
shown in Tables XXI, XXII, XXIII, XXIV.
By comparing the Tables XXI, XXII, XXIII, XXIV and

Tables V, VI, VII, VIII, we found the following corre-
spondences of topological amplitudes and ðek; ek; eFÞ,

T1BB̄∶ ðeð1Þk ; eð1Þk ; eð1ÞF Þ ¼
�
1; 2;

1

2

�
;

T2BB̄∶ ðeð2Þk ; eð2Þk ; eð2ÞF Þ ¼
�
4;−1;−

5

2

�
;

TBD̄∶ ðe0k; e0k; e
0
FÞ ¼

�
1;−1;

1

2

�
;

TDB̄∶ ðe00k; e00k; e
00
FÞ ¼

�
1;−1;

1

2

�
;

TDD̄∶ ðe000k ; e000k ; e
000
F Þ ¼

�
1;
1

2
;
1

2

�
; ðA8Þ

and similar relations for PiBB̄;BD̄;DB̄;DD̄.
In general, the topological amplitudes, TiBB̄, TBD̄ TDB̄,

and TDD̄, are given in Eqs. (21)–(24). It is useful to show

that TBD̄, TDB̄, and TDD̄ have the structure of TiBB̄ in the
asymptotic limit. Note that the Rarita-Schwinger vector
spinor uμ can be expressed in terms of Dirac spinors and
polarization vectors as following [43]

uμ

�
p⃗;� 3

2

�
¼ ϵμðp⃗;�1Þu

�
p⃗;� 1

2

�
;

uμ

�
p⃗;� 1

2

�
¼ 1ffiffiffi

3
p ϵμðp⃗;�1Þu

�
p⃗;∓ 1

2

�

þ
ffiffiffi
2

3

r
ϵμðp⃗; 0Þu

�
p⃗;� 1

2

�
; ðA9Þ

where ϵμðp⃗; λÞ is the polarization vector,

ϵμðp⃗;0Þ¼
�jp⃗j
m

;
E
m
n̂

�
; ϵμðp⃗;�1Þ¼ð0; ϵ⃗ð0⃗;�1ÞÞ: ðA10Þ

with n̂≡ p⃗=jp⃗j and ϵ⃗ð0⃗;�1Þ · n̂ ¼ 0, and, for example, in
the case of p⃗ ¼ ð0; 0; pÞ, we have n̂ ¼ ẑ and ϵ⃗ð0⃗;�1Þ ¼
∓ ð1;�i; 0Þ= ffiffiffi

2
p

. Spinors vμðp⃗; λÞ have similar relations.

TABLE XXI. The coefficients ðek; ek; eFÞ for various hBB̄0jq̄LγμbLjB̄q0 i matrix elements.

hBB̄0jq̄LγμbLjB̄q0 i ðek; ek; eFÞ hBB̄0jq̄LγμbLjB̄q0 i ðek; ek; eFÞ
hpp̄jūLγμbLjB−i ð5; 1;−2Þ hnn̄jūLγμbLjB−i ð1; 2; 1

2
Þ

hΣþΣþjūLγμbLjB−i ð5; 1;−2Þ hΣ0Σ0jūLγμbLjB−i ð5
2
; 1
2
;−1Þ

hΣ0Λ̄jūLγμbLjB−i ð
ffiffi
3

p
2
;−

ffiffi
3

p
2
;−

ffiffi
3

p
2
Þ hΞ0Ξ0jūLγμbLjB−i ð1; 2; 1

2
Þ

hΛΣ0jūLγμbLjB−i ð
ffiffi
3

p
2
;−

ffiffi
3

p
2
;−

ffiffi
3

p
2
Þ hΛΛ̄jūLγμbLjB−i ð3

2
; 3
2
; 0Þ

hpn̄jūLγμbLjB̄0i ð4;−1;− 5
2
Þ hΣþΣ0jūLγμbLjB̄0i ð− 5ffiffi

2
p ;− 1ffiffi

2
p ;

ffiffiffi
2

p Þ
hΣþΛ̄jūLγμbLjB̄0i ð

ffiffi
3
2

q
;−

ffiffi
3
2

q
;−

ffiffi
3
2

q
Þ hΣ0Σ−jūLγμbLjB̄0i ð 5ffiffi

2
p ; 1ffiffi

2
p ;−

ffiffiffi
2

p Þ
hΛΣ−jūLγμbLjB̄0i ð

ffiffi
3
2

q
;−

ffiffi
3
2

q
;−

ffiffi
3
2

q
Þ hΞ0Ξ−jūLγμbLjB̄0i ð−1;−2;− 1

2
Þ

hpΣ0jūLγμbLjB̄0
si ð− 1ffiffi

2
p ;−

ffiffiffi
2

p
;− 1

2
ffiffi
2

p Þ hpΛ̄jūLγμbLjB̄0
si ð−3

ffiffi
3
2

q
; 0; 3

2

ffiffi
3
2

q
Þ

hnΣ−jūLγμbLjB̄0
si ð−1;−2;− 1

2
Þ hΣþΞ0jūLγμbLjB̄0

si ð4;−1;− 5
2
Þ

hΣ0Ξ−jūLγμbLjB̄0
si ð2 ffiffiffi

2
p

;− 1ffiffi
2

p ;− 5

2
ffiffi
2

p Þ hΛΞ−jūLγμbLjB̄0
si ð ffiffiffi

6
p

;
ffiffi
3
2

q
;− 1

2

ffiffi
3
2

q
Þ

hΣ0p̄js̄LγμbLjB−i ð− 1ffiffi
2

p ;−
ffiffiffi
2

p
;− 1

2
ffiffi
2

p Þ hΣ−n̄js̄LγμbLjB−i ð−1;−2;− 1
2
Þ

hΞ0Σþjs̄LγμbLjB−i ð4;−1;− 5
2
Þ hΞ−Σ0js̄LγμbLjB−i ð2 ffiffiffi

2
p

;− 1ffiffi
2

p ;− 5

2
ffiffi
2

p Þ
hΞ−Λ̄js̄LγμbLjB−i ð ffiffiffi

6
p

;
ffiffi
3
2

q
;− 1

2

ffiffi
3
2

q
Þ hΛp̄js̄LγμbLjB−i ð−3

ffiffi
3
2

q
; 0; 3

2

ffiffi
3
2

q
Þ

hΣþp̄js̄LγμbLjB̄0i ð−1;−2;− 1
2
Þ hΣ0n̄js̄LγμbLjB̄0i ð 1ffiffi

2
p ;

ffiffiffi
2

p
; 1

2
ffiffi
2

p Þ
hΞ0Σ0js̄LγμbLjB̄0i ð−2 ffiffiffi

2
p

; 1ffiffi
2

p ; 5

2
ffiffi
2

p Þ hΞ0Λ̄js̄LγμbLjB̄0i ð ffiffiffi
6

p
;

ffiffi
3
2

q
;− 1

2

ffiffi
3
2

q
Þ

hΞ−Σ−js̄LγμbLjB̄0i ð4;−1;− 5
2
Þ hΛn̄js̄LγμbLjB̄0i ð−3

ffiffi
3
2

q
; 0; 3

2

ffiffi
3
2

q
Þ

hΣþΣþjs̄LγμbLjB̄0
si ð1; 2; 1

2
Þ hΣ0Σ0js̄LγμbLjB̄0

si ð1; 2; 1
2
Þ

hΣ−Σ−js̄LγμbLjB̄0
si ð1; 2; 1

2
Þ hΞ0Ξ0js̄LγμbLjB̄0

si ð5; 1;−2Þ
hΞ−Ξ−js̄LγμbLjB̄0

si ð5; 1;−2Þ hΛΛ̄js̄LγμbLjB̄0
si ð3; 0;− 3

2
Þ
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When jp⃗j ≫ m, ϵμðp⃗; 0Þ dominates over ϵμðp⃗;�1Þ and, consequently, uμðp⃗;�1=2Þ and vμðp⃗;�1=2Þ dominate over
uμðp⃗;�3=2Þ and vμðp⃗;�3=2Þ, respectively, and they can be approximated as

uμ

�
p⃗;� 1

2

�
≃

ffiffiffi
2

3

r
pμ

m
u

�
p⃗;� 1

2

�
; vμ

�
p⃗;� 1

2

�
≃

ffiffiffi
2

3

r
pμ

m
v

�
p⃗;� 1

2

�
: ðA11Þ

Using the above relations and Eqs. (22)–(24), in the large momentum limit, we should have

TBD̄ ≃ i
GFffiffiffi
2

p Vubl̄LγμνLδjλD̄j;1=2

× ūðpD; λBÞ
ffiffiffi
2

3

r
1

mD̄

	h
ðg01pB · pD̄ þ g06q · pD̄Þγμ þ iðg02pB · pD̄ þ g07q · pD̄Þσμρqρ

þ ðg03pB · pD̄ þ g08q · pD̄Þqμ þ ðg04pB · pD̄ þ g09q · pD̄ÞpBμ þ g05pD̄μ

i
γ5

−
h
ðf01pB · pD̄ þ f06q · pD̄Þγμ þ iðf02pB · pD̄ þ f07q · pD̄Þσμρqρ

þ ðf03pB · pD̄ þ f08q · pD̄Þqμ þ ðf04pB · pD̄ þ f09q · pD̄ÞpBμ þ f05pD̄μ

i

vðpD̄; λD̄Þ;

TABLE XXII. The coefficients ðek; ek; eFÞ for various hBB̄0jq̄LγμbLjB̄q0 i matrix elements.

hBB̄0jq̄LγμbLjB̄q0 i ðek; ek; eFÞ hBB̄0jq̄LγμbLjB̄q0 i ðek; ek; eFÞ

hpΔþjūLγμbLjB−i ð− ffiffiffi
2

p
;

ffiffiffi
2

p
;− 1ffiffi

2
p Þ hnΔ0jūLγμbLjB−i ð− ffiffiffi

2
p

;
ffiffiffi
2

p
;− 1ffiffi

2
p Þ

hΣþΣ�þjūLγμbLjB−i ð ffiffiffi
2

p
;−

ffiffiffi
2

p
; 1ffiffi

2
p Þ hΣ0Σ�0jūLγμbLjB−i ð− 1ffiffi

2
p ; 1ffiffi

2
p ;− 1

2
ffiffi
2

p Þ
hΞ0Ξ�0jūLγμbLjB−i ð ffiffiffi

2
p

;−
ffiffiffi
2

p
; 1ffiffi

2
p Þ hΛΣ�0jūLγμbLjB−i ð

ffiffi
3
2

q
;−

ffiffi
3
2

q
; 1
2

ffiffi
3
2

q
Þ

hpΔ0jūLγμbLjB̄0i ð− ffiffiffi
2

p
;

ffiffiffi
2

p
;− 1ffiffi

2
p Þ hnΔ−jūLγμbLjB̄0i ð− ffiffiffi

6
p

;
ffiffiffi
6

p
;−

ffiffi
3
2

q
Þ

hΣþΣ�0jūLγμbLjB̄0i ð1;−1; 1
2
Þ hΣ0Σ�−jūLγμbLjB̄0i ð−1; 1;− 1

2
Þ

hΞ0Ξ�−jūLγμbLjB̄0i ð ffiffiffi
2

p
;−

ffiffiffi
2

p
; 1ffiffi

2
p Þ hΛΣ�−jūLγμbLjB̄0i ð ffiffiffi

3
p

;−
ffiffiffi
3

p
;

ffiffi
3

p
2
Þ

hpΣ�0jūLγμbLjB̄0
si ð−1; 1;− 1

2
Þ hnΣ�−jūLγμbLjB̄0

si ð− ffiffiffi
2

p
;

ffiffiffi
2

p
;− 1ffiffi

2
p Þ

hΣþΞ�0jūLγμbLjB̄0
si ð ffiffiffi

2
p

;−
ffiffiffi
2

p
; 1ffiffi

2
p Þ hΣ0Ξ�−jūLγμbLjB̄0

si ð−1; 1;− 1
2
Þ

hΞ0Ω−jūLγμbLjB̄0
si ð ffiffiffi

6
p

;−
ffiffiffi
6

p
;

ffiffi
3
2

q
Þ hΛΞ�−jūLγμbLjB̄0

si ð ffiffiffi
3

p
;−

ffiffiffi
3

p
;

ffiffi
3

p
2
Þ

hΣþΔþþjs̄LγμbLjB−i ð− ffiffiffi
6

p
;

ffiffiffi
6

p
;−

ffiffi
3
2

q
Þ hΣ0Δþjs̄LγμbLjB−i ð2;−2; 1Þ

hΣ−Δ0js̄LγμbLjB−i ð ffiffiffi
2

p
;−

ffiffiffi
2

p
; 1ffiffi

2
p Þ hΞ0Σ�þjs̄LγμbLjB−i ð− ffiffiffi

2
p

;
ffiffiffi
2

p
;− 1ffiffi

2
p Þ

hΞ−Σ�0js̄LγμbLjB−i ð1;−1; 1
2
Þ

hΣþΔþjs̄LγμbLjB̄0i ð− ffiffiffi
2

p
;

ffiffiffi
2

p
;− 1ffiffi

2
p Þ hΣ0Δ0js̄LγμbLjB̄0i ð2;−2; 1Þ

hΣ−Δ−js̄LγμbLjB̄0i ð ffiffiffi
6

p
;−

ffiffiffi
6

p
;

ffiffi
3
2

q
Þ hΞ0Σ�0js̄LγμbLjB̄0i ð−1; 1;− 1

2
Þ

hΞ−Σ�−js̄LγμbLjB̄0i ð ffiffiffi
2

p
;−

ffiffiffi
2

p
; 1ffiffi

2
p Þ

hΣþΣ�þjs̄LγμbLjB̄0
si ð− ffiffiffi

2
p

;
ffiffiffi
2

p
;− 1ffiffi

2
p Þ hΣ0Σ�0js̄LγμbLjB̄0

si ð ffiffiffi
2

p
;−

ffiffiffi
2

p
; 1ffiffi

2
p Þ

hΣ−Σ�−js̄LγμbLjB̄0
si ð ffiffiffi

2
p

;−
ffiffiffi
2

p
; 1ffiffi

2
p Þ hΞ0Ξ�0js̄LγμbLjB̄0

si ð− ffiffiffi
2

p
;

ffiffiffi
2

p
;− 1ffiffi

2
p Þ

hΞ−Ξ�−js̄LγμbLjB̄0
si ð ffiffiffi

2
p

;−
ffiffiffi
2

p
; 1ffiffi

2
p Þ
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TDB̄ ≃ i
GFffiffiffi
2

p Vubl̄LγμνLδjλDj;1=2

× ūðpD; λDÞ
ffiffiffi
2

3

r
1

mD

	h
ðḡ001pB̄ · pD þ ḡ006q · pDÞγμ þ iðḡ002pB̄ · pD þ ḡ007q · pDÞσμρqρ

þ ðg003pB̄ · pD þ g008q · pDÞqμ þ g005pDμ þ ðg004pB̄ · pD þ g009q · pDÞpB̄μ

i
γ5

−
h
ðf001pB̄ · pD þ f006q · pDÞγμ þ iðf002pB̄ · pD þ f007q · pDÞσμρqρ

þ ðf003pB̄ · pD þ f008q · pDÞqμ þ f005pDμ þ ðf004pB̄ · pD þ f009q · pDÞpB̄μ

i

vðpB̄; λB̄Þ; ðA12Þ

and

TDD̄ ≃ i
GFffiffiffi
2

p Vubl̄LγμνLδjλDj;1=2δjλD̄j;1=2

× ūðpD; λDÞ
2

3

pD · pD̄

mDmD̄

	h
g0001 γμ þ ig0002 σμρq

ρ þ g0003 qμ þ g0004 ðpD þ pD̄0 Þμ

þ g0005 ðpD − pD̄0 Þμ
i
γ5 −

h
f0001 γμ þ if0002 σμνq

ν þ f0003 qμ þ f0004 ðpD þ pD̄0 Þμ

þ f0005 ðpD − pD̄0 Þμ
i


vðpD̄; λD̄Þ: ðA13Þ

TABLE XXIII. The coefficients ðek; ek; eFÞ for various hBB̄0jq̄LγμbLjB̄q0 i matrix elements.

hBB̄0jq̄LγμbLjB̄q0 i ðek; ek; eFÞ hBB̄0jq̄LγμbLjB̄q0 i ðek; ek; eFÞ
hΔþp̄jūLγμbLjB−i ð− ffiffiffi

2
p

;
ffiffiffi
2

p
;− 1ffiffi

2
p Þ hΔ0n̄jūLγμbLjB−i ð− ffiffiffi

2
p

;
ffiffiffi
2

p
;− 1ffiffi

2
p Þ

hΣ�þΣþjūLγμbLjB−i ð ffiffiffi
2

p
;−

ffiffiffi
2

p
; 1ffiffi

2
p Þ hΣ�0Σ0jūLγμbLjB−i ð− 1ffiffi

2
p ; 1ffiffi

2
p ;− 1

2
ffiffi
2

p Þ
hΞ�0Ξ0jūLγμbLjB−i ð ffiffiffi

2
p

;−
ffiffiffi
2

p
; 1ffiffi

2
p Þ hΣ�0Λ̄jūLγμbLjB−i ð

ffiffi
3
2

q
;−

ffiffi
3
2

q
; 1
2

ffiffi
3
2

q
Þ

hΔþþp̄jūLγμbLjB̄0i ð ffiffiffi
6

p
;−

ffiffiffi
6

p
;

ffiffi
3
2

q
Þ hΔþn̄jūLγμbLjB̄0i ð ffiffiffi

2
p

;−
ffiffiffi
2

p
; 1ffiffi

2
p Þ

hΣ�þΣ0jūLγμbLjB̄0i ð−1; 1;− 1
2
Þ hΣ�0Σ−jūLγμbLjB̄0i ð−1; 1;− 1

2
Þ

hΞ�0Ξ−jūLγμbLjB̄0i ð− ffiffiffi
2

p
;

ffiffiffi
2

p
;− 1ffiffi

2
p Þ hΣ�þΛ̄jūLγμbLjB̄0i ð− ffiffiffi

3
p

;
ffiffiffi
3

p
;−

ffiffi
3

p
2
Þ

hΔþþΣþjūLγμbLjB̄0
si ð− ffiffiffi

6
p

;
ffiffiffi
6

p
;−

ffiffi
3
2

q
Þ hΔþΣ0jūLγμbLjB̄0

si ð2;−2; 1Þ
hΔ0Σ−jūLγμbLjB̄0

si ð ffiffiffi
2

p
;−

ffiffiffi
2

p
; 1ffiffi

2
p Þ hΣ�þΞ0jūLγμbLjB̄0

si ð− ffiffiffi
2

p
;

ffiffiffi
2

p
;− 1ffiffi

2
p Þ

hΣ�0Ξ−jūLγμbLjB̄0
si ð1;−1; 1

2
Þ

hΣ�0p̄js̄LγμbLjB−i ð−1; 1;− 1
2
Þ hΣ�−n̄js̄LγμbLjB−i ð− ffiffiffi

2
p

;
ffiffiffi
2

p
;− 1ffiffi

2
p Þ

hΞ�0Σþjs̄LγμbLjB−i ð ffiffiffi
2

p
;−

ffiffiffi
2

p
; 1ffiffi

2
p Þ hΞ�−Σ0js̄LγμbLjB−i ð−1; 1;− 1

2
Þ

hΩ−Ξ0js̄LγμbLjB−i ð ffiffiffi
6

p
;−

ffiffiffi
6

p
;

ffiffi
3
2

q
Þ hΞ�−Λ̄js̄LγμbLjB−i ð ffiffiffi

3
p

;−
ffiffiffi
3

p
;

ffiffi
3

p
2
Þ

hΣ�þp̄js̄LγμbLjB̄0i ð ffiffiffi
2

p
;−

ffiffiffi
2

p
; 1ffiffi

2
p Þ hΣ�0n̄js̄LγμbLjB̄0i ð1;−1; 1

2
Þ

hΞ�0Σ0js̄LγμbLjB̄0i ð−1; 1;− 1
2
Þ hΞ�−Σ−js̄LγμbLjB̄0i ð− ffiffiffi

2
p

;
ffiffiffi
2

p
;− 1ffiffi

2
p Þ

hΩ−Ξ−js̄LγμbLjB̄0i ð− ffiffiffi
6

p
;

ffiffiffi
6

p
;−

ffiffi
3
2

q
Þ hΞ�0Λ̄js̄LγμbLjB̄0i ð− ffiffiffi

3
p

;
ffiffiffi
3

p
;−

ffiffi
3

p
2
Þ

hΣ�þΣþjs̄LγμbLjB̄0
si ð− ffiffiffi

2
p

;
ffiffiffi
2

p
;− 1ffiffi

2
p Þ hΣ�0Σ0js̄LγμbLjB̄0

si ð ffiffiffi
2

p
;−

ffiffiffi
2

p
; 1ffiffi

2
p Þ

hΣ�−Σ−js̄LγμbLjB̄0
si ð ffiffiffi

2
p

;−
ffiffiffi
2

p
; 1ffiffi

2
p Þ hΞ�0Ξ0js̄LγμbLjB̄0

si ð− ffiffiffi
2

p
;

ffiffiffi
2

p
;− 1ffiffi

2
p Þ

hΞ�−Ξ−js̄LγμbLjB̄0
si ð ffiffiffi

2
p

;−
ffiffiffi
2

p
; 1ffiffi

2
p Þ
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Comparing the above equations and Eq. (21), we see that
TBD̄, TDB̄, and TDD̄ indeed have the structure of TiBB̄ in the
asymptotic limit. Their asymptotic form can be obtained by
using Eqs. (A4), (A8), and the above equations.

APPENDIX B: FORMULAS OF DECAY RATES
FOR B̄q → BB̄0lν̄ AND B̄q → BB̄0νν̄ DECAYS

The B̄q → BB̄0lν̄ and B̄q → BB̄0νν̄ decays involve
4-body decays. The decay rate of a 4-body decay is given
by [7,33,44]

dΓ ¼ jMj2
4ð4πÞ6m3

Bq

βXds dt d cos θB d cos θL dϕ; ðB1Þ

where s is the invariant mass squared of the lepton pair, t is
the invariant mass squared of the baryon pair, θBðLÞ is the
angle of the baryonB (the lepton l [or ν]) in the baryon pair
(lepton pair) rest framewith respect to the opposite direction
of the lepton pair (baryon pair) total 3-momentum direction,
ϕ is the angle between the baryon and the lepton planes, and

X ¼
�ðm2

Bq
− s − tÞ2
4

− st

�1=2

;

β ¼ 1

t
½t2 − 2tðm2

B þm2
B̄Þ þ ðm2

B −m2
B̄Þ2�1=2: ðB2Þ

The ranges of s, t, θB, θL and ϕ are

0 ≤ s ≤ ðmBq
− t1=2Þ2; ðmB þmB̄Þ2 ≤ t ≤ m2

Bq
;

0 ≤ θB;L ≤ π; 0 ≤ ϕ ≤ 2π; ðB3Þ

where the masses of leptons are neglected.
The amplitude squared jMj2 can be obtained by using

TiBB̄, TBD̄, TDB̄, and TDD̄ as shown in Eqs. (21)–(24) with
the help of FeynCalc [45–47]. The scalar products of
momenta and the contracted Levi-Civita symbol need to
be expressed in terms of s, t, θB, θL and ϕ before the
integration

R
dΓ can be carried out. The expressions have

been worked out in Ref. [44]. Defining

P≡ pB þ pB̄; Q≡ pB − pB̄;

L≡ plðνÞ þ pν̄; N ≡ plðνÞ − pν̄; ðB4Þ

one has [44]

P2 ¼ t; P ·Q¼m2
B −m2

B̄; Q2 ¼ 2ðm2
B þm2

B̄Þ− t;

L2 ¼ s; L ·N ¼ 0; N2 ¼ −s; ðB5Þ

TABLE XXIV. The coefficients ðek; ek; eFÞ for various hBB̄0jq̄LγμbLjB̄q0 i matrix elements.

hBB̄0jq̄LγμbLjB̄q0 i ðek; ek; eFÞ hBB̄0jq̄LγμbLjB̄q0 i ðek; ek; eFÞ

hΔþþΔþþjūLγμbLjB−i (6, 3, 3) hΔþΔþjūLγμbLjB−i (4, 2, 2)

hΔ�0Δ0jūLγμbLjB−i (2, 1, 1) hΣ�þΣ�þjūLγμbLjB−i (4, 2, 2)

hΣ�0Σ�0jūLγμbLjB−i (2, 1, 1) hΞ�0Ξ�0jūLγμbLjB−i (2, 1, 1)

hΔþþΔþjūLγμbLjB̄0i ð2 ffiffiffi
3

p
;

ffiffiffi
3

p
;

ffiffiffi
3

p Þ hΔþΔ0jūLγμbLjB̄0i (4, 2, 2)

hΔ0Δ−jūLγμbLjB̄0i ð2 ffiffiffi
3

p
;

ffiffiffi
3

p
;

ffiffiffi
3

p Þ hΣ�þΣ�0jūLγμbLjB̄0i ð2 ffiffiffi
2

p
;

ffiffiffi
2

p
;

ffiffiffi
2

p Þ
hΣ�0Σ�−jūLγμbLjB̄0i ð2 ffiffiffi

2
p

;
ffiffiffi
2

p
;

ffiffiffi
2

p Þ hΞ�0Ξ�−jūLγμbLjB̄0i (2, 1, 1)

hΔþþΣ�þjūLγμbLjB̄0
si ð2 ffiffiffi

3
p

;
ffiffiffi
3

p
;

ffiffiffi
3

p Þ hΔþΣ�0jūLγμbLjB̄0
si ð2 ffiffiffi

2
p

;
ffiffiffi
2

p
;

ffiffiffi
2

p Þ
hΔ0Σ�−jūLγμbLjB̄0

si (2, 1, 1) hΣ�þΞ0jūLγμbLjB̄0
si (4, 2, 2)

hΣ�0Ξ�−jūLγμbLjB̄0
si ð2 ffiffiffi

2
p

;
ffiffiffi
2

p
;

ffiffiffi
2

p Þ hΞ�0Ω−jūLγμbLjB̄0
si ð2 ffiffiffi

3
p

;
ffiffiffi
3

p
;

ffiffiffi
3

p Þ
hΣ�þΔþþjs̄LγμbLjB−i ð2 ffiffiffi

3
p

;
ffiffiffi
3

p
;

ffiffiffi
3

p Þ hΣ�0Δþjs̄LγμbLjB−i ð2 ffiffiffi
2

p
;

ffiffiffi
2

p
;

ffiffiffi
2

p Þ
hΣ�−Δ0js̄LγμbLjB−i (2, 1, 1) hΞ�0Σ�þjs̄LγμbLjB−i (4, 2, 2)

hΞ�−Σ�0js̄LγμbLjB−i ð2 ffiffiffi
2

p
;

ffiffiffi
2

p
;

ffiffiffi
2

p Þ hΩ−Ξ�0js̄LγμbLjB−i ð2 ffiffiffi
3

p
;

ffiffiffi
3

p
;

ffiffiffi
3

p Þ
hΣ�þΔþjs̄LγμbLjB̄0i (2, 1, 1) hΣ�0Δ0js̄LγμbLjB̄0i ð2 ffiffiffi

2
p

;
ffiffiffi
2

p
;

ffiffiffi
2

p Þ
hΣ�−Δ−js̄LγμbLjB̄0i ð2 ffiffiffi

3
p

;
ffiffiffi
3

p
;

ffiffiffi
3

p Þ hΞ�0Σ�0js̄LγμbLjB̄0i ð2 ffiffiffi
2

p
;

ffiffiffi
2

p
;

ffiffiffi
2

p Þ
hΞ�−Σ�−js̄LγμbLjB̄0i (4, 2, 2) hΩ−Ξ�−js̄LγμbLjB̄0i ð2 ffiffiffi

3
p

;
ffiffiffi
3

p
;

ffiffiffi
3

p Þ
hΣ�þΣ�þjs̄LγμbLjB̄0

si (2, 1, 1) hΣ�0Σ�0js̄LγμbLjB̄0
si (2, 1, 1)

hΣ�−Σ�−js̄LγμbLjB̄0
si (2, 1, 1) hΞ�0Ξ�0js̄LγμbLjB̄0

si (4, 2, 2)

hΞ�−Ξ�−js̄LγμbLjB̄0
si (4, 2, 2) hΩ−Ω−js̄LγμbLjB̄0

si (6, 3, 3)
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L · P ¼ 1

2
ðm2

Bq
− t − sÞ; L ·Q ¼ βX cos θB þm2

B −m2
B̄

t
L · P; N · P ¼ X cos θL;

N ·Q ¼ m2
B −m2

B̄

t
X cos θL þ βðL · PÞ cos θB cos θL −

ffiffiffiffi
st

p
β sin θB sin θL cosϕ; ðB6Þ

pB · P ¼ 1

2
ðm2

Bq
− sþ tÞ; pB ·Q ¼

ðm2
B −m2

B̄Þðm2
Bq

− sþ tÞ
2t

þ βX cos θB;

pB · L ¼ 1

2
ðm2

Bq
þ s − tÞ; pB · N ¼ X cos θL; ðB7Þ

and

ϵμνρσNμPνpρ
BQ

σ ¼ ffiffiffiffi
st

p
βX sin θB sin θL sinϕ; ðB8Þ

with ϵ0123 ¼ −1.
In B̄q → BD̄lν̄ðνν̄Þ, B̄q → DB̄lν̄ðνν̄Þ and B̄q → DD̄0lν̄ðνν̄Þ decays, the calculation of jMj2 involve polarization sums of

Rarita-Schwinger vector spinors. The following formulas for polarization sums [see, for example, Eq. (4.31) of Ref. [43]]
are needed,

X3=2
λ¼−3=2

uμðp; λÞūνðp; λÞ ¼ −ðpþmÞ
�
Gμν −

1

3
GμσGνλγ

σγλ
�
;

X3=2
λ¼−3=2

vμðp; λÞv̄νðp; λÞ ¼ −ðp −mÞ
�
Gμν −

1

3
GμσGνλγ

σγλ
�
; ðB9Þ

where Gμν is defined as

Gμν ≡ gμν −
pμpν

m2
: ðB10Þ

Note that in the above formulas the signs ofm differ from those in Ref. [43]. It is useful to check that in the large momentum
limit, we have

X3=2
λ¼−3=2

uμðp; λÞūνðp; λÞ ≃ ðpþmÞ 2

3m
pμpν ¼

2

3m2
pμpν

X1=2
λ¼−1=2

uðp; λÞūðp; λÞ;

X3=2
λ¼−3=2

vμðp; λÞv̄νðp; λÞ ≃ ðp −mÞ 2

3m2
pμpν;¼

2

3m2
pμpν

X1=2
λ¼−1=2

vðp; λÞv̄ðp; λÞ; ðB11Þ

which agree with Eq. (A11). Note that in our calculations involving Rarita-Schwinger vector spinors, only the exact
polarization formulas in Eq. (B9) are used.
With the above formulas B̄q → BB̄0lν̄ and B̄q → BB̄0νν̄ decay rates can be readily obtained once the topological

amplitudes are given.
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