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We study Bq — BB'Ip and Bq — BB'vo decays with all low lying octet (B3) and decuplet (D) baryons
using a topological amplitude approach. In tree-induced Bq — BBl decay modes, we need two tree
amplitudes and one annihilation amplitude in Bq - BBIp decays, one tree amplitude in Bq — BDIp
decays, one tree amplitude in B P DBIp decays and one tree amplitude and one annihilation amplitude in
Bq — DDl decays. In loop induced Bq — BB'vi 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 B, 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~ — pppu~ v 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~ — ppu~v differential rate and model calculations. From the model
calculations, we find that branching ratios of nonannihilation Bq — BB'ID modes are of the orders of
107°-107%, while branching ratios of nonpenguin-box-annihilation B, — BB'v& modes are of the orders of
10~12-1078. 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 Bq — BB'ui decays and tree induced Bq — BB'Ip
decays are predicted and can be checked experimentally. They can be tests of the SM. Some implications on

Bq — BB'I*I~ decays are also discussed.

DOI: 10.1103/PhysRevD.108.056001

I. INTRODUCTION

Recently, there have been some experimental activities
on B — BB'lv and B — BB'vi decays, where BB’ are
baryon antibaryon pairs [1-5]. The present experimental
results are summarized in Table I. In particular, the
branching ratio of B~ — ppu~v, decay is measured to
be (5.271033 £0.21 £0.15) x 10° by LHCb [3] and
Br(B~ — pplv) = (5.873%) x 107° by Belle [2] (see also
[4]), while only upper limit of Br(B~ — Apvi) <3.0x 107
was reported by BABAR [5].

Theoretically, the branching ratios of B — BB’z decays
were estimated and predicted to be of the order of 107° to
10~* [6,7]. Some recent studies are devoted to understand
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the rate of the B~ — pplv 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, B — BB/,
making use of the well established topological amplitude
formalism [14-24]. The decay amplitudes of B — BB'ID
and B — BB’ decays with all low lying octet (3) 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 B, decays
when large phase spaces are available. From the

Published by the American Physical Society
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TABLE 1. Experimental results of B~ — BB’ID and BB’vo branching ratios. The upper limits are at
90% confidence level.
Mode Branching ratio References
B~ — ppeTv, (5.84+3.7+3.6) x 10™* (<5.2x 107?) CLEO [1]
(8.2137 £ 0.6) x 107° Belle [2]
(8.2749) x 107° PDG [4]
B = ppuy, (3.1731 +£0.7) x 107° Belle [2]
(5271973 £0.21 £0.15) x 107° LHCb [3]
(5.3240.34) x 107° PDG [4]
B~ — ppli(l=e.u) (5.873¢) x 107 Belle [2], PDG [4]
B~ = Apuw (04 +1.1+0.6) x 107 (<3.0 x 107) BABAR [5]

experimental differential rate dBr/dm,; of B~ — ppu~v
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 B, 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~ — ppu~ v differential rate and model calculations
with available theoretical inputs from Refs. [8,9],
which can reproduce the measured B~ — ppu~v differ-
ential rate.

We will try to identify modes with relatively unsup-
pressed rates and good detectability. The estimation on
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FIG. 1. The experimental differential rate dBr/dm,,; of B~ —

ppu~v decay from LHCb [3] exhibits threshold enhancement.
The threshold enhancement effectively squeezes the phase space
toward the threshold region.

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 B — BB'I decays are tree
induced decay modes, while B — BB’v decays are loop
induced decay modes, it will be interesting and useful to
identify B — BB'vo and B — BB'Iv 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 Bq — BB/I*]~ 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 B, — BB'ID and B, —» BB'vv
decays are given by [7,33]

- _ G _ -
A(Bq d BB/ll_/) = 7%Vub<BB/|ITlL}/”bL|Bq>lL}’MVL,

5 D/ - GF Qem
A(Bq — BB/I/I/) = %m

x (BB'[5,y,b.|By)oLr vy, (1)

V;(s thD(mtz/m%V)

where V;,, V,, and V,;, are Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements, D(x), Dy(x), and D;(x) are loop
functions with [34]
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D(x) = Do(x) + =Dy (x),

4
X 24x 3x-6
Do(x):§<_m+mlnx),
23x +5x2 —4x3  x =112+ x3 +x*
DI === 5 G-x ™
8x+4x? +x3 —x*
3 In- x
2(1 —x)
4x — x3 dDy(x) . u?
- Liy(1— 8 In—-. 2
(1-x)? (1 = x) + 8x dx nm%‘, (2)

Note that the B, — BB'l decay is governed by the matrix
clement, (BB'|ii,y,b, |B,), while the B, —» BB'vi decay
is governed by the matrix element, (BB'|5.y,b,|B,).
These two matrix elements are difficult to calculate as
they involve baryon pairs BB’ 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 B P
BB’ decays [10-13] to decompose B, — BB'lv and BB'vi
decay amplitudes into topological amplitudes.

From Eq. (1), we see that the Hamiltonian governing
Bq — BB'Iy decays has the following flavor structure,

(ab) = H7(g:b). (3)
with

HL =1, otherwise H) =0, (4)
where we take g;,3 = u, d, s as usual. Similarly, the
Hamiltonian governing Bq — BB/vi decays has the fol-
lowing flavor structure,

(3b) = H}pp(qsb). (5)
with

H}p =1, otherwise Hky =0. (6)
These Hy and Hpp will be used as spurion fields in the
following constructions of effective Hamiltonian, H..

We shall start with B, — DD'lv decays with D the low-
lying decuplet baryon. The flavor flow diagram for a B P
BB'ID decay is given in Fig. 2. Note that in the case of a
B, — DD'lv decay, the q;q,4; and 3'g/g" flavors as shown
in Fig. 2 correspond to the following fields,

q:9;9; = ’Dijlv 7'g’g™ — DI, (7)

qm

FIG. 2. Topological diagrams of (a) T (tree) and (b) A (anni-
hilation) amplitudes in Bq — BB'lp decays and (c) PB (penguin
and box) and (d) PBA (penguin-box annihilation) amplitudes in
B, - BB/vi decays. These are flavor flow diagrams, where
gluon lines are not shown.

in the Hamiltonian, respectively, where Dilm denotes the
familiar decuplet field, and, explicitly, we have D''! =
AT+, D2 = A+/\/3, D2 =A0/\3, D =A-,
D113 —_ 2*—/\/37 D123 _ Z*O/\/E, D223 _ 2*—/\/57
D33 — E*O/\/g, D233 — :*—/\/g7 and D33 — O- (see,
for example [35]). By using the above correspondent
rule, we obtain the following effective Hamiltonian for
B, » DD'Ip decays,

Heff<Bq g D@lf/) = 6TD@BmHl]~DZJID1j’n
+ AppB;H} D, D", (8)

with B,, = (B~, B, BY). Without lost of generality, the
prefactors are assigned for latter purpose.
For the Bq — DBIv decays, we note that the antioctet

final state is produced by the B{; field with [35]

— >0 A
B=| ¥ 5t " |0
C 20 —\/2A

where Bi has the following flavor structure ¢’/qq’e p; —
16819°q"q" [35]. To match the flavor of §'g/g" in the final
state as shown in Fig. 2, we use
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g'g'gm — €'t By, elbm B{;, ebim [5’2, (10) Hence we only need two of the terms in the right-hand-side of

Eq. (10), and, without loss of generality, the first two terms are

which are, however, not totally independent, asitcanbeeasily ) sen The effective Hamiltonian of the B — DBID decays
shown that they are subjected to the following relation, can be obtained by replacing D" in Eq. (8) by (B,)" =

P By + €M B + €M Bl = 0. (11) VP By and (B,)"™ = e®™ B!, and, consequently, we have

He(B, — DBID) = \@TmBBmHiTﬁiﬂelij? + \/ETZDBBmHiT’Dijlebjm‘Bé
+ \/EAlDBBil—lg"’ijleljbBZ1 + \/EAZDBBiH%’ijlehijé» (12)

where some pre-factors are introduced without lost of generality. Note that the 7', pz, A pg, and A,pp terms are vanishing
and we only have

H(B, — DBID) = V6T 3B, HyD,j e’ B, (13)

with T,pp relabeled to Tpp. ) B B

Similarly for B — BDIv decays, the ¢,q,q; flavor in the final state corresponds to €;,,, 3, €;,B¢ and €, B¢, while the last
one is redundant, since it can be expressed by the formers using the following relation, e,-kal_S',“ + eia,BZ + eak,B’? = 0.
Hence we replace the D;j; in Eq. (8) by (By);;, = €;;,B} and (B,),;; = €,;;8¢ and obtain

Heff(Bq - BDIp) = _\/ngza@BmHireijaBlaDljm - \/angmeHi€asz?Dlj"l
— V6A 5pBiHipc o B{ D" — V/6AyspBiH' ey By DU
= —\/ETB@Ban;€ijaB?Dljnl (14)

where the T35, A 3p, and A,zp terms in the equation are vanishing as €, j,le’” =€, ﬂDU’" =0, and Tzp is relabeled to
T'p in the last step. B _ _ ) _ _

_To obtain the effective Hgmiltonjan of B, - BBlv decays, we first replace D;;; and D™ in Eq. (8) by (B)); i1 = €87,
(By);j1 = €auB{, and (B,)""™ = e'PBy, (B,)"™ = "™ B, respectively, and obtain

He(B, — BBIv) = =T,55B,, H7(B)) i (B1)"™ = T 5558, Hip (By) ;1 (Ba) /™
— T, 33BnHy (By) ;1 (B1)"™ — Ty 3B, Hy (By), ;1 (Bs) '™
— Ay 1B HY(By),,;1(B1)"™ — Ay spBiHY(By) 1 (Ba) '™
—A21BBBiHiT(Bz) (Bl)ljm —AzszBiHiT(Bz) (Bz)ljm- (15)

mjl mjl

Using the following identity

_Z(Bl)ijl(Bl)ljm = (BZ)ijl(Bl)ljm = _2(82>ij1(82)ljm7
—2(B1),j1(B1)"™ = (B))ji(B2) "™ = (B3) s (By) "™ = =2(By),,,js(B2) "™, (16)
the above Hamiltonian can be expressed as
Heff(Bq - BBZE) = (—TnBB + 2TZIBB - TzzBB)BmHiT(Bl)ijl(Bl)ljm - leBBBmHiT(Bl)ijl(Bzwm
+ (A11ps = 2A 1255 — 240155 + Appp) BiHT(B1) 0 (B1) ™
= _TIBBBWLH%Sij(ZB{llebijé + T2BBBmH§"€ijaB?€lijrbn + ABBBiHé'SmjaB?elijZl’ (17)

where the topological amplitudes are redefined as following

056001-4



CHARMLESS SEMILEPTONIC BARYONIC B, ;; ...

PHYS. REV. D 108, 056001 (2023)

T\pg =T2p3

Thpp =

Apg = Ay — 2A1288 — 245185 + Anpi-

=T858+ 2T2183 —

T5)5p

(18)

With this all effective Hamiltonians of Bq — BB/l decays with low-lying octet and decuplet baryons are obtained.
The effective Hamiltonian of the Bq — BB'vi decays can be obtained similarly. We simply give the results in the

following equation,

He(B, —» DDuvi) = 6PBppB,, HY Dy /D™ + PBApp B HY D, ;; D™,
H.(B, — DBuvp) = V6PBpgB,,Hly Dy e B,
H.i(B, —» BDvo) = —V/6PBypB,,Hk ye; ;o BIDI™,

eff(Bq — BBup) =

In summary the effective Hamiltonians of B, — BB'ID
and BB/vp decays for low-lying octet and decuplet baryons
are obtained and are shown in Egs. (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,

= —PB\ B Hbper o Bie"™ B + PBoppB, Hb peyiaBie P By + PBAgz B HY peia Bl By

(19)

where numerically we use |V,,| =0.0036 and have
¢ = —0.037¢%, with ¢h3 = (65.57|-)° 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

= PBisg _ PBAps _ PBpp _ PBpg _ PBpp _ PBApp  illustration and can be improved when more data are
Twsg  Ass Tsp  Tog  Tpp  App  available. . _
VeV In general the topological amplitudes 7'z, T,5g, and
——em i ’bD(m,Z/m%,), (20) Az in B, - BB/l decays can be expressed as
2zsin? Oy V,, BB q
|
.G = _ .
Tipg = 17% Vsl vii(ps) 19y 7, + 195 0,,a" + 65 a, + 35 (ps + &), + 95 (P — Pp),J7s

— 1y + if0ua + 1, + 1Y (s + pe), + £ (05 = pa) b or(ps),

(a)

Gr (a)
Apg = i— Vol v it
BB \/E b Ly L (pB){[gl

7//4 + lg2
= A+ ifs
5.and £\, g\,

witthqu—pB—pr,i: ,2,j=1,...,

O-/u/qy + g3

0uwd” + 13a, + 1 (s + gy + 15 (p5 — pe) or(pp).

(a) (a)

Gy + 05 (P + pe), + 95 (ps — Pe),lrs

(1)

fls-a), and ¢\ denoting form factors. Similarly the topological

J

amplitudes of B, — BDID and B, — DBIv decays can be expressed as

.Gr ., - _ .
TBZ_) = ljjvublLyﬂyL”(pD’JB){[gllvayﬂ + lgéﬁﬂppqup + gISPBvq;l + gﬁthypBﬂ + 9/59144 + gls%h

+i956,,9.9” + 989,9, + 9o, PBulYs —

and

fipeur. +ifho
+ fupsuPBy + 590 + [6au¥u + 150,,0.0" + 39,9, + [oq,P8] 30" (PD. A5),

0, P39 + [3PB.4,
(22)

056001-5



CHUN-KHIANG CHUA

PHYS. REV. D 108, 056001 (2023)

.Gp - _
Tpp = lﬁVublLYﬂVLM”(PDﬂD){[QIlPBy}’u +i950,,P5,9" + 9B3PBAu + 94PBPBy + 959 + J6 DV

+1976,,9.9” + 989.9, + 999, PR)Ys —
+f4pBypB;4 +f15lgy/,t +f/6/QU}//4 + lf/7/

f1Pavu +if20,Pe.a" + 3PBY,
0w 9" + 1899, + foq.P5.}v(PE: AB), (23)

where u#, v* are the Rarita-Schwinger vector spinors. Finally the tree topological amplitude for Bq — DD'Ip decay is

given by

///

.Gp - _
Tpp = IEVublLYﬂVL”u(PDJD){[% Yu 19504,

9" +d5'q, + 9;' (pp + pp), + 95 (Pp — Pr) s

= +ifYoung” + f5a,+ i (po + po), + 15 (Pp = o) 30" (P Ap) + s (24)

where terms such as #,p4{...} ppu°, #,q"{...} ppsu’,
it,p{---}q,u°, ,q"{...}q,u’ are not shown explicitly in
the above equation. The annihilation amplitude A5 can be
expressed similarly. Topological amplitudes for loop in-
duced B = BB'vi decays can be obtained using the above
equations and Eq. (20).

The topological amplitudes for Bq — BB'Ip decays are
given in Eq. (21). For illustration we follow Refs. [8,9]
to use

(i) ()
N G . F
(0 _ —. () _ " Ji (a) _ pla) _

where Gﬁ-i) and F ;i) are some constants to be specified later,

t = myg, and the last equation corresponds to the Agz =

PBAgg = 0 case. The values of the constants Gy) and I ;i)
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~ — pplv data.
In fact we find that the corresponding F g’iS used in Ref. [8]
do not satisfy the correct asymptotic relations, which can
however be satisfied by adding a minus sign to their F glLS
Nevertheless as we shall see that the modification do not
significantly affect the B~ — BB'ID rates.

The values of G}i) and F (1) are shown in Table II

Explicitty we use GE)_mmB( H>CLL—e Crr)/3,

_(Y _ /

, B mDG1,2,3,4 ;L mpGs
G234 = A 9s = A

" "

" _ mDGLZ 3.4 "o mDGS
J234 = A ) 9s = 5

with

F(li) - nlmB(efli) Crp+ el Crr)/3: Gg>3.4,5:_Fg)3.4,5:

I
- X2€Fl~ CLR/3 with (CLL1 CRR? CLR) = (17 78 —11 67
641) GeV* [8] for model 1, and Gg)—l’]sz(e Dj—

)/3 F “)/3 G2345 =
_Fg,)3,4,5 = 2egv)Dz.3,4.5/3 with (D, Dy) =
(11.2,323.3)GeV® and D,345 = (47.7,442.2,-38.7,
—80.7) GeV* [9] for model 2, where the factors 5, =
0.93 and 7, = 0.75 are introduced to match the central
(i)

value of the B~ — pplvdataand e VLF

Note that the sign of Ds is flipped from the one from Ref. [9],

and géi)

= mmg(e \(\)Dn + e

are givenin Eq. (AS).

to match the definitions of form factors f gl)
in Eq. (21).

The topological amplitudes of Bq — BDIv and Bq -
DBl decays are given in Egs. (22) and (23). For simplicity,
we only concentrate on the contributions from gj,3,5,
2345 912345 and f1,5,5, by assuming that their
contributions are dominant. This working assumption
can be checked or relaxed when data of B, — BDIv and
Eq — DBl 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 735, Tgp and Tzp
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 Egs. (25), (A12), and (AS8),
we have

_ o
, _MpFiasa , _ mpFs
1,234 t4 ’ 5 t3 ’
1"
7 _ mDF1»2.3,4 "o __ mDFS (26)
1,234 — l4 ’ 5 l3 ’
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TABLE II.  Values of Gﬁ-i) and F E-i) 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~ — pplv data.
Model G\ (Gev?) G\ (Gev*) G\ (Gev*) G\ (Gev*) G\ (Gev*)
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 G'?(Gevd) G (Gev*) G¥ (Gev*) G (Gev*) GP(Gev*)
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 FiV(GeV?) Fi)(Gev#*) Fi" (Gev*) FiV(Gev*) FUV (Gev*)
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 F?(GeV?) F? (GeV*) F(Gev*) F{?(GeV*) F (Gev*)
Model 1 134.94 -9.89 -9.89 -9.89 -9.89
Model 2 =71.72 —59.50 —551.56 48.27 100.66

i i i 3, '

laa==V6Gha  Gi==VBGY 4G 6= [5G - 6Y).
i i i 3, i
Flas=—V6Fs  Fy=—Vo(F) +F)).  Fy=\[3(F) - F)). (27)

but with (e (@) o)

e “ )) in G ) 4’A) replaced by (e €. e

" __
123* fG123’ G4*

FY,2,3 - _‘/6F§l>23 FZ -

but with (e ‘(‘ . ‘(‘) Sp)mG % )replacedby( i ﬁ,e’;)

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 IIL

In the model calculations of Bq — DD'lv  and
DD'vi decay rates, we use Eq. (24) for the tree topo-
logical amplitude, where we neglect terms, such
as ﬁbp%{"'}pDvuﬁ’ ﬁuqy{"'}pDaug’ ﬁuP%{"'}Qaua’
i,q"{...}q,u°, for simplicity. This working assumption
can be checked or modified once data is available. As in
Bq — BB'lv decays, we neglect the contribution from the
annihilation topological amplitude, App. Using Egs. (25),
(A8), and (A13), the form factors are given by

"n F/!/
g = mpmp—t-. [ =mpmp—t-.(29)

e., ef), and

3, i
Fi= [ D) (28)

with

—3F\, (30)

J

Py () _
G/ =-3G6Y, FV=

(
J

but with (e‘(‘o,e‘(_‘i) e(i)) in G(.i) F@

(e}’ eﬁ” e). Note that in the asymptotic limit the above

form factors are related to those in Bq — BBl 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.

replaced by

III. RESULTS ON AMPLITUDES

A. Decay amplitudes in terms of topological amplitudes

Using the above Hamiltonian the decompositions of
amplitudes for B, — BB'lv, BDly, DBIv, DD’ Iy, and B, -
BB'v, BDvp, DBuo, DD'vi decays are shown in Tables V-
VIII. These tables are some of the main results of this work.
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TABLE III.  Values of G, Fi, G/, F! for model 1 and model 2.

Model G} (GeV?) G, (GeV*) G, (GeV*) G, (GeV*) GL(GeV*)
Model 1 —24.39 4.85 4.85 9.69 0
Model 2 —209.90 29.15 270.21 —72.96 —12.83
Model F)(GeV?) F}(GeV*) F},(GeV*) F},(GeV*) FL(GeV*)
Model 1 —117.58 —4.85 —4.85 -9.69 0
Model 2 196.21 -29.15 —270.21 72.96 12.83
Model G!(GeV?) GY(GeV*) G!(GeV*) G!(GeV*) G!(GeV*)
Model 1 —24.39 4.85 4.85 0 —4.85
Model 2 —209.90 29.15 270.21 25.66 36.48
Model F(GeV?) F3(GeV*) FY(GeV*) F!(GeV*) FY(GeV*)
Model 1 —117.58 —4.85 —4.85 0 4.85
Model 2 196.21 -29.15 —270.21 —25.66 -36.48
TABLE IV. Values of G}, F}" for model 1 and model 2.

Model G (GeV?) G (GeV*) G (GeV*) G'(GeV*) G (GeV*)
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 F'(GeV?) FY(GeV*) FY(GeV*) FY'(GeV*) FY(GeV*)
Model 1 —58.41 -5.94 —5.94 —5.94 -5.94
Model 2 —132.73 -35.70 —330.94 28.96 60.39

As shown in Table V we have three topological ampli-
tudes, Tppg, Typp. and Agg, in B, — BB'lD decays, and
three topological amplitudes, PB,gp, PB s, and PBAgg,
in B ¢ BB'vi decays. As shown in Table VI we need one
topological amplitude, Tzp, in Bq — BDIp decays, and
one topological amplitude, PBgzjp, in Bq — BDub decays.
Similarly, as shown in Table VII we have one topological
amplitude, T'pz, in Bq — DBIv decays, and one topologi-
cal amplitude, PBpp, in Eq — DBui decays. Finally as
shown in Table VI we have two topological amplitude,
Tpp and App, in B, — DD'Iv decays, and two topological
amplitudes, PBpp and PBApp, in B, — DD'vi 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 Bq — BB'Ip and
BB'vi 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 VIIL

In Bq — BB'Ip decays, we have the following relations
on amplitudes,

A(B® > piild) =A(B? - £+E2%I0) = V2A(B? - 9= I7),
(31)
A(B~ - nilp) = A(B~ - °2%),  (32)

A(B" - E'Z7 1) = V2A(BY — p=0lp) = A(BY - nZ"ID),
(33)

A(B~ = pplp) = A(B~ - +2HD), (34)

A(B" > 5+301p) = —A(B® - 395 1p) = /3A(BY = pAlD),
(35)
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TABLE V. Topological amplitudes for B, — BB'lv and B, — BB'vi decays.

Mode A(B, — BB'ID) Mode A(B, — BB'ID)
B~ — pplv Ts5 + Tosp + Asp B~ — nilv T\55 + Agp

B~ - Xzt p Ts5 + Tosp + Agp B~ - 2'50p 3 (T1p5 + Tapgp) + App
B —->XIXlp Agp B~ - EE b App

B~ - XOAlp _ﬁ (TIBB’ - TQBB) B~ —» E%=97p T\pp+ App

B~ — AX0Ip —zl—ﬁ (T158 — T2p8) B~ — AAlp § (5T 5 + Topp) + Apg
B" — piilp Typp B’ - =30y —%(TLBB + Topp)
B® —» =t Alp — 7 (T15 = TpB) B’ - 3'37Ip 5 (T'1s5 + Tapp)
BY - AX"Ip %(TIBB Tas5) B - BZ7Ip —-Tpp

BY = pxip ~ 57185 BY - pAlp — 2 (T15 +2T3p)
B — nXly ~T153 BY - ==y 55

BY - 20="Ip %ng BY - AE"Ip #@ (2T 155 + Toni)
Mode A(By — BBwvD) Mode A(By — BBvD)

B~ - 20puy ~5PBisg B~ — T uwb —PB g5

B~ - B PBygp B~ - E 30w 5 PBygp

B~ — = Aub 7 (2PB, sz + PBoyg) B~ — Apup 7. (PB,gi + 2PB,gi)
B’ = St pup —PB 35 B — XOnup 7§PBIBB

BY > 2°0up — 5 PBogp B - 2°Avp 7z (2PB, g5 + PBygp)
B - E X PBsi BY = Afwp ‘%@ (PB,gg + 2PB,gp)
BY — ppvi. PBAgg BY — niwp PBAgg

BY - 2t3tup PB g + PBAgp BY - 30%0,p PBpp + PBAgg

B} - XX PB g + PBAgg BY — =0=0up PB, s + PByp + PBAgg

BY - B E PB s + PBygp + PBAgy

BY = AAvp

3(PBgg +2PBygp) + PBAgs

— Z+/_\ll7)

V2A(B~ - 3°AlD) = V2A(B~ — AZ'Ip) = A(B°
= A(B" - AT D),

A(B~ - =S ID) = A(B~ - E"E I),

and

A(B~ - pplv) = A(B®
2A(B~ — 293%0) + A(B~ - =2 1),
A(B® — pilv) + A(B° - E°E-1p),
A(B® - *AID) + V6A(B~ — niilp),
2A(B? - TE0) — A(B? - nX~Ip),

— pilv) + A(B~ — nnlp)

2V/3A(B~ — 2'AlD)

V6A(B~ — AAID)
—V6A(B? — pAlp)
V6A(BY = AE"ID) =

A(B? —» £+E%D) — 2A(BY — nT D).
Similarly, for Bq — BB'vi decays, we have

A(B~ - B92up) = V2A(B~ - E-X0u0) = —V2A(B" — E°50up)
= A(B® - E"X7wb),
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TABLE VI.  Topological amplitudes for B, — BDIp and B, »  TABLE VIL.  Topological amplitudes for B, — DBIv and B, —
BDu decays. DBu decays.
Mode A(B, » BDlv)  Mode  A(B, — BDIt)  Mode A(By - DBly)  Mode B, — DBIv)
B~ — pAtip 2Ty B~ — nA%p —f 2T3p B~ — A"plp —\2Tp; B~ — A%lp _\/_ 2Tps
B~ - >ty Fp \/ETBD B~ — 3050/ TBD B~ —» XXt \/ETDB B~ - 20x0/p TDB
B~ — 020y V2T 55 B~ — AZOIp \/VTB’D B~ — E0E0p V2T p B~ - Z0Alb \/VTDB
B — pA'lp —V2Tgpy  B'—nA7lv  —\/6Tgp B’ — A" plp V6Tpz — B = ATalb 2T,
B - =30 Tsp B >x%"Ip  -Tpp B - =30 ~Tpg  B'—>39%lp  —Tpp
B - E9= [y V2T s B > A" Ip V3Tsp B> ==y —\2Tp B = ETAlL /3T,
BY > pﬁlﬂ -Tip BY - nXIp _\/ETBZ_) [:3? - A++_Zjll7 —\/BTDB B - A+27_Oll7 2T pi
BY - == V2T sp 0 YOI ~Tsp BY - AT Ip V2Tpg  BY 5 =25  —V2Tpg
B 20710 VeTg B> AETID \ATup B — 2F Iy Tpp
Mode A(B; » BDvo)  Mode  A(B, — BDvp)  Mode A(B, —» DBvb)  Mode B, — DBu)
B~ > StAT b —V6PBgy, B~ — XAty 2PBpp B~ — ¥pui —PBpy  B” > Xl —\/2PBy
B~ -3 AW V2PBgy, B~ —E'S b —V2PBgp B~ — E°L7wp V2PBp; B~ —E-3%p  —PBpg
B~ — 220 PBpp B~ - QEw  V6PBpz B - ETAw \/3PBpg
B - StAtwp  —V2PBgp B - x0A%p  2PBpp B >3 pww  \2PBpz B’ — i PBpj
B —» X ATwp V6PBgy B - =050,  —PBpp BO - B050,p —PBpg  B" > E"Zwb  —/2PBpg
B" - ES"us  \2PByp - QEw —6PBpy B —E A —\/3PB;
B) > ='Tup —V2PBgp BY - 3T V2PBgp BY - =T up  —V2PBpz  BY - 0505 V2PBpg
{;0 - XZw  V2PBgp Bg - 89205 —V2PBg; B} - XX wb \2PBpg B - E0E0up  —V2PBpg
BY—EE"u  \2PByp B) - BEw  \2PBpj
—V2A(B~ - 2pui) = —A(B~ — T iwp) = —A(B® — = pub)
= V2A(B° - 2fwp), (40)
A(B? - £+ETup) = A(B? — 2°500) = A(B? —» =-Eui), (41)
A(BY - 2200) = A(BY - E-E1p), (42)
A(B~ = Apuvb) = A(B® - Anwp), (43)
A(BY — ppuvv) = A(BY — niwb), (44)
and
V6A(B® — E°Avp) = A(B® - 53 ui) — A(B° — Tt pui),
V6A(B~ —» E-Auvi) = A(B~ — B2 1p) — 2A(B~ — i),
—V6A(B~ — Apub) = 2A(B~ - E'S i) — A(B~ — T iwb),
V3A(BY » AAvD) = —V2A(B~ — Apui) + V3A(BY — ppui). (45)

For Bq — BDIp decays, there is only one topological amplitude, namely T sp. Therefore, all decay amplitudes are related,

—A(B~ - pATID) = —A(B~ - nA%lp) =

= A(B~ - 2=0[p) =

2 — _
—3A(B‘ - AXIp) = —A(B°

A(B~ - 2 ID) = 24(B~ — £°201p)

— pplf/)

056001-10



CHARMLESS SEMILEPTONIC BARYONIC B, ;; ...

PHYS. REV. D 108, 056001 (2023)

TABLE VIII.  Topological amplitudes for B, — DD'Iv and B, — DD'viv decays.

Mode A(By - DD'Iv) Mode A(By — DD'lv)
B~ — ATTATHp 6Tpp + App B~ — ATATID 4T pp
B~ — A°A%p 2Tpp +App B~ > A A Iy App

B~ — T D 4Tpp + App B~ — 3050 2Tpp +App
B~ - XX Ip App B~ — =005 2T pp + App
B~ - E"ID App B~ - Q Qv App

B - AtTATID 23T pp B - A*A%p 4T pp

B - A°A”Ip 2V/3Tpp BY - =30y 2027 pp
B - 295 1y 2V2Tpp B® - EYE Iy 2Tpp

BY - ATHE 1D 23T pp BY = ATZ0[p 2V2Tpp
B —» A"Y"Ip 2Tpp B - =g 4Tpp

BY - =" 20/2T BY - B0 Iy 2V3Tpp

Mode A(B, — DD'v) Mode A(B, — DD'v)
B~ — T*tATTLp 2V/3PBpp B~ — S O0ATup 2v/2PBps,

B~ - T A%p 2PBpp B~ — E0% i 4PBpp

B~ — =2 0p 2V2PBps B~ - Q =0p 2v/3PBpp

B® - = ATLD 2PBpp BY - 0A0p 2V2PBpy

B - XA~ 2V/3PBpy, B0 - E0x0p 2v/2PBpy,

BY > =YD 4PBpp BY - Q" Euwp 2v/3PBpp

BY - ATtATTLD PBApp B > AtATLD PBApp

BY — A°AOp PBApp B) = AA"wp PBApyp

BY - =Tt up 2PBpp + PBApp BY — = 0% 0p 2PBpp + PBApp
B - 2T o 2PBpp + PBApp BY - =050,p 4PBpp + PBApp
BY - E"Ewp 4PBpp + PBApp B> QQup 6PBpp + PBApp

1 _ . _ _
=——A(B > nA~Ip) = V2A(B® - =tz 0y
7 ( ) ( )

_ __ _ — 2 -
= —V2A(B® - 2°571p) = A(B® - 295 1) = \/;A(BO YN

= —V2A(BY - pﬁlﬂ) = —-A(B? - nZ"Iv) = A(B? - Z*@ll‘/)

_ — 1 _ _
= —V2A(BY - 25" Ip) = —A(B? - E'Q 7 Ip
( ) 7 ( )
2 50] —.— =
= gA(Bs - AE*"ID). (46)

Similarly, for B, — BDvuo decays, there is only one topological amplitude, namely PBgp. Hence, all decay amplitudes
are related. Explicitly, we have the following relations,

- _ 1 —
A(B~ - TtA Y up) = —A(B~ - ZAtwp) = 7§A(B‘ - X" A%p)

S -
(@)
N —

A(B~ - BE'S i) = A(B~ —» E-20up)

S-Sl

- — 1 _ _
A(B® - ZtATLD) = 5A(BO - X0A%p)

056001-11



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

1 _ . _ -
=-—A(B" - T A wp) = —A(B° - E°=%p)

V6
— \L@ A(B® - ET%uwp) = —\%A(E? - Tt up)
_ \% A(BY = $50,p) — \% (BY - =-57u)
= —\%A(Bg - 205 0p) = \%A(B? - B B D). (47)

For Bq — DBIv decays, there is only one topological amplitude (7'pz), while for B ¢ DB decays, there is also only
one topological amplitude (PBpz). Hence, the decay amplitudes are highly related and we have the following relations for
B, — DBIv decays,

1 _ o 1 _ 0o 7 1 _ =T
——A(B™ - ATplv) = ——=A(B~ - Anlp) = —A(B~ - Z*TZtiD)

V2 V2 V2
__ 1 o
= —\/EA B~ - 203015 = —A(B~ — =*0=07p

_ \EA(B‘ — ZOAID) = \%A(EO - A* plp)

— éA(BO — Atalp) = —A(B® - = 20Ip)

= -A(B" - 29%7Ip) = —\2 (B® - E9E"Ip)
- % A(BY > S AID) = —\%A(Bﬁ? )
_ % A(B? > ATX01p) = LA(B? — AT D)

V2
1 — _ _
= ——A(BY - +ED) = A(BY — £OF1p), 48
7 ( ) = A( ) (48)

and

1 1 =
—A(B~ - 2%wp) = ———=A(B~ - i) = —=A(B~ - ESwp)

V2 V2

= 1
=—-A(B~ - E72%p) = —=A(B~ - Q E%w)
V6
1 _ 1
=—A(B~ - E" Aup) = —=A(B° - =" pui)
V2
B - =07p) = —A(B® - E0%01p)
1 — 1 _
=——A(B’ - E" L) = ———=A(B" - Q" E"wp)

V6

_ _ 1 _ —
A(B® —» BOAup) = ——A(BY — =2 Tup)

V2

. - e -
=—A(B) - 250p) = —A(B) - T T
\/Q ( Ky ) \/i ( s )
. - [ =
= ——A(BY > E9E0p) = —A(B? — E-E 1), (49)

V2 V2

=A

—~

for B, — DB decays.
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For Bq — DDl decays, we have two topological amplitudes, namely Tpp and App. The decay amplitudes are related as
follows,

_ — 1 . — _ .
V3A(B® - ATTATID) = 5A(BO — ATA%D) = V3A(B® - AYA~ID)

| — 1 _
=—A(B" - 2F20) = —A(B° - =%y
Al )= A )
- — 1 - _—
= A(B® - EE" D) = —A(BY - ATTE )
V3
1 — _ _
=—A(BY - A*Z0Ip) = A(BY - AT Iy
S5 ) =A( )
- — 1 __
= EA(B? - 2 EVp) = ﬁA(BQ - TE"ID)
1 __ 1 _
=—A(B) - E9Q7Ip) = ~A(B~ - ATATID), 50
Al ) =5 A( ) (50)
A(B™ - A°A%D) = A(B~ - TT0) = A(B~ — E920/p), (51)

A(B~ - A"A7lY) = A(B~ - X Ib) = A(B~ —» B E" D)
= A(B~ - QO I), (52)
and
A(B~ — ATTATTID) = A(B~ — A°A%D) + A(B~ — A-A"ID),
A(B~ = ZE D) = A(B~ = ATATID) + A(B~ - 25 [D). (53)

Finally, for B P DD'vi decays, we have two topological amplitudes, namely PBpp and PBApp, giving the following
relations on the amplitudes,

S 1 — —
A(B~ - TP A D) = ﬁA(B‘ - XO0ATLD) = A(B~ - 2~ A%p)

5)-

= %A(B‘ - 205 D) = \/LZA(B‘ — E*_FUD)

- %A(B‘ - Q E0p) = A(B” - =T ATwD)

- %A(BO — ZO0A0p) = %A(EO - T*ATLD)

- %A(BO - B0 0p) = %A(BO - B I uD)

= % A(B® - Q" E7 i), (54)

A(BY — S E70p) = A(BY — T0E0w) = A(BY > T ud),

A(BY - E*Oﬁyi/) =A(BY - E*"E*wb), (55)

A(B® > T3 0p) = A(B~ » T A%) + A(BY - A°A0up),
A(BY — E0E005) = A(B° - 2T vp) + A(B? » A-A"wD),
A(BY > Q07v) = A(B" — ET71) + A(B) » TE i), (56)
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A(B? - ATTAT D) = A(BY
(BY - AOFVD)

A
A(BY - A~A"wp). (57)

— A+Fl/l7)

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

= Z|A1(l) I = Z|A2(i)|2’
Z|A )+ A ()%, (58)

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

AL + A2 (D)7 = 2141 (D)]|A2(7)]
<A (1) + A (D) < A (D + A2 (D) + 214, (1) A2 (7))
(59)

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

0<Y DI < [STIAGE [SI40)E (60)

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

-T2 << (M2 +0%2 (61)

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 A*, =t0 =0 0 apnd =*-
can be detected by detecting a z° or y. For example, A™
mainly decays to pz’ and nz*, while 0 decays to Ay.
We should pay close attention to the modes that
involve these baryons and have large decay rates in the
B, decays.

A. B, > BBl and B, — BBvi decay rates

In this part, we will first give a generic discussion on
B, - BB'ly and B, - BB'vi decays, and the results will
be compared to model calculations, where masses of
hadrons and lifetimes are taken from Ref. [4].

For Bq — BB'Ip decays, the decay amplitudes can be
decomposed in terms of three independent topological
amplitudes, namely T,zp 71,33, and Agg, as shown in
Table V. As the amplitudes of Bq — BBl 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 =T g+ Agp, b for the rate with A = T,zp, ¢ for the
rate with A =1 (T3 + Topp) + Agp. d for the rate with
A = (T35 — Thpp)/2, e for the rate with A = App, f forthe
rate with A = § (5T 35 + To3) + App. g for the rate with
A = (2T gz + T,55)/3, and h for the rate with A =
1(T 33 + 2T »53) + Agp. In addition, we add tildes for rates
with similar amplitudes but without the Agzz terms. For
example, a corresponds to the rate with A = T', g5. The same
set of alphabets is also used in B, — BB'vb decays as PBsg
and PBA g are proportional to 7';53 and A g with acommon
proportional constant { 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~ — pplv decay is obtained, information of differential
rate is also available. The experimental differential
rate dBr/dm,; of B~ — ppu~v decay from LHCb [3] is
shown in Fig. 1. The differential rate in Fig. 1 can be well
fitted with

dBr N
= g — Mg — My 2
dmyg (m%]_y)y (mgg — mp — my), (62)

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, A, B AN—>pn, B > An~ - prnn~
Decuplet, D ATHO st 50 O A0 S prt B o Ant - paat,

20 5 2t - Anat = praat,

Q™ > AK™ — pa K~
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where y and N are constants. In particular, y = 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~ - pplv and B~ - XTE"[p decays as examples. As
shown in Table V their amplitudes are both equal to
A =T gg+ T,z + Agg. 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 X' are different. Using
Eq. (62) the ratio of their branching ratios is given by

_ N
Br(B~ - X'3'1p) _ B> 7 (Mg = 2my)

Br(B~ — pplv)

f2m ot deB’ (m
Jom, dms W (mpg —2m,,)

!

N
= 0,022 = 0.0220, (63)

where we define N'/N = 6. 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 N'/N = ¢ 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 ¢ is expected to be of order one. Consequently, using
Br(B~ — ppuv) = (5.32+£0.34) x 107 [4], we expect
Br(B~ — XTXHID) = (5.32 x 0.0220) x 107% with ¢ 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
B, — BB'lv and B, — BB'vv decays are parametrized
and are shown in Table X. SU(3) breaking effects from

|
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FIG. 3. The experimental differential rate dBr/dm,; of B~ —

ppu~v decay from LHCb [3] can be well fitted with
dBr/dm,; = N(1/m3,)°(m,, —m, —m;) 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.

B, meson widths and threshold enhancement are included.

The order one parameters «,f,n, 17, 1:1 K,k,0,5,0, g, ch
and &, B , k, & 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 Bq - BB'Ip
decays and the decay rates as shown in Tables V and X, we
obtain the following inequalities,

(P50 ses ()

Ve Shs(Vh+ e, (64)

(Ve-vVa) sds

(55 )(”)
=)

(4[— a\>2 (65)
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TABLE X. Branching ratios of Bq — BB'lp and Bq — BB'vi decays. The B~ — pplb rate is from experimental data [2.4]. Most of
the parameters are expected to be of order 1. In particular, we expect ¢ ~ ¢ ~/5.32/2, a ~ &, h ~ h and e < 5.32, satisfying Eqs. (67)-

(69). The last factors are from the SU(3) breaking from threshold enhancement, and we expect a, 8,7, 17, ;:7,1<, %, 0,6,0, £, ZEE and

a, ﬁ, R, R being of order unity. See text for details.

Mode Br(B, — BB'Ip)(107°) Mode Br(B, — BB'Ip)(107°)
B~ — pply 5.32+0.34 [4] B~ — nnlv a x (0.978)

B~ - Itxtip 5.32 % (0.02250) B~ — x50y ¢ x (0.02150)

B o351 e x (0.02025) B —>EEIp e x (0.004168)

B~ — 2°Alb 4% (0.0364n) B~ — 5%y a x (0.004528)

B~ - AXlp 4% (0.03641) B~ — AAID f x (0.06267)

B® — pilp 0.93b x (0.989) B o xt30s5 1.85¢ x (0.02200)
B - StAlD 0.62d x (0.03721) B - 30571y 1.85¢ x (0.02085)
BY 5 AT 1D 0.62d x (0.03527) B - =295 Ip 0.9a x (0.00434&)
BY = 0o 0.47a x (0.131p) BY - pAlp 1.40h x (0.236a)
BY - nT Ip 0.93a x (0.1254) B =5 0.93h x (0.00988«)
BY - X5 1p 0.47b x (0.00927x) B > A= Ip 1.40g x (0.0152%)
Mode >, Br(B, — BBwp)(107%) Mode >, Br(B, — BBwp)(107)
B~ — X0pui 0.20a x (0.1315) B~ - X iww 0.40a x (0.125p)

0.40b x (0.00988%)
0.60g x (0.0152%)

B~ = E'Stup
B~ - E " Avp
BY - > pup
BY - 20%0up
B’ > E 3w

0.37a x (0.134p)
0.19b x (0.00968k)

0.37b x (0.00899%)

BY - ppup 0.37¢
B0 50 0.37a x (0.02255)
B =5 0.37a x (0.02025)

BY - BB

1.98 x (0.00416¢)

0.20b x (0.00927k)
0.60% x (0.236@)
0.19a x (0.130p)
0.56g x (0.0159%)
0.56h x (0.233a)
0.37¢ x (0.978)
0.37a x (0.02155)
1.98 x (0.00452¢)
0.37h x (0.06267)

B~ - =2 X0wp
B~ - Apvu
B° — X0nvw
BY — E0Aup
B® — Anvp
BY — niivp
BY - 329%0%up
BY - 20201
BY = AAvp

(V5.32 = Vb)) Sa < (V532 +Vb)?,
(4%—@)2 <<4\/5+\/E>2
~ 3

A

9

3

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 Azp or penguin-box-annihilation
PBApgg diagrams. It is known that these contributions a
re usually much suppressed than tree and penguin con-
tributions. For example, in two-body baryonic B, decays,
Bq — BB’ decays, the tree dominated mode B~ — pp
and penguin dominated mode B~ — Ap was observed
with branching ratios at 1078 and 107° levels, respectively
[38-40], while B, — pp decay, which is an exchange and
penguin-annihilation mode is not yet observed with the
upper limit pushed down to 10~ level [40]. It is therefore

(Ve -=Vb)?2 sd< (Ve +Vb)?,
S 3 :

<

~

S

: (66)

|
reasonable to consider the case where the annihilation Azp
and penguin-box-annihilation PBAgg contributions are
highly suppressed, i.e., e << O(1). Nevertheless this
assumption can be checked by searching pure annihilation
(penguin-box-annuhilation) modes, B~ — "X v, B~ —
E"E Ip, BY - ppup, and B? — niwww decays, as their rates
are proportional to e. In particular, as the BY — p pv mode
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,

. 532
CNC~——

<532, :
¢ 4
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(V332-Va)sbs
\/72

(V5.32+ Va),

)

A

f

A

(e

A

h, h<
3

and
(V532 -Vb)2 <a< (V532 +Vb)2,
<5m ) <f< (5\/5—.3‘26+4\/E)2’

A

(52 3

These are the inequalities we shall employ in this work.

The parameters a, b, ¢ and so on in Table X need to
satisfy the above triangular inequalities, Eqgs. (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 B, — BB/l and B, — BB'vi decays
in model 1 and model 2 can be obtained by using 7’53 and
Apgp, 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 in Refs. [8,9], where Br(B~ — pplv) = (5.21 £
0.34) x 1076 [8], (5.34+0.2) x 107° [9], Br(B~ — nitlv) =
(0.68£0.10) x 107°, Br(B~ —XtX¥Ip) =(0.24+£0.02)x
107%, Br(B~ - X°2%) = (0.06+0.01) x 10-°, Br(B~ —
SOAID) = (0.014 + 0.004) x 1076, Br(B~ — AX'Ip) =
(0.014 4+ 0.004) x 10°°, Br(B~ — Z°Z°Ip) = (0.008+
0.001) x 107, Br(B~ — AAIp) = (0.08 £ 0.01) x 107°
[8], Br(B? — pAlp) = (2.14+0.6) x 1075, >, Br(B~ —
Apvp) = (3.54+1.0) x 1078 and >, Br(B, » AAwp) =
(0.8 £0.2) x 1078 [9] are reported. We find that results
in model 1 agree with or close to those in Ref. [8], while the
results on >, Br(B~ — Apvp) and Y, Br(B, — AAvp) 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~ — pplv decay are identical
by construction, B~ — XtZF[p rates as well as B~ —
>0%9/p rates are similar, but the B~ — X°AlD rate in model
2 is larger than the one in model 1 by one order of
magnitude, the B’ — piilp rate in model 2 is larger than the
one in model 1 by a factor of 3, and the B~ — n#ilv rate in
model 2 is larger than the one in model 1 by a factor of 19.
Note that the amplitudes of B~ — pplp, B~ — Ttytip,

)
e

A i< <\/5.3z +vb\?

(0.5V5.32 - /a)? £ d < (0.5V5.32 + a)?,
(“5_33 BRI <o (7“572; vey
)2, (68)
(0.5v5.32 = Vb)? <d < (0.5V5.32 + Vb)?,
(2\/3‘3* b)ng (Nﬁ?uf)

(69)

|
and B~ — X% are to T gg + Thpp, B~ — L°Al, B~ —
niily and B® — palp are proportional to T3 — Thpg,
T g, and T,pp, respectively. These results imply that
model 1 (2) has constructive (destructive) interference of
T\pg and T, in B~ — pplv decay, but destructive
(constructive) interference of Tz and —T,zz in B~ —
$OAlp decay, and |T ,z5| 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/dm,; of B~ —
ppu~v 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 a, # and
so on to be of order one and the triangular inequalities,
Egs. (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 /3, ,B, 0,0,K,K, 5,5 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 Z e KK 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
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 T,z and T,pp are constructive
in model 1, but destructive in model 2, and |T 3| 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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TABLE XI. Branching ratios of Bq — BB'lp and Bq — BB'vp decays in model 1 and model 2. Br, and Br, denote results in model 1

and model 2, respectively.

Mode Br,(1079) Br,(1079) Mode Br, (1079) Br,(1079)
B~ = pplv 5.32 5.32 B~ = niilp 0.41 7.81
B~ — StStp 0.26 0.26 B — 305073 0.064 0.061
B~ - X%y ~0 =0 B~ - E = Ip =0 =0
B~ — X'Alp 0.019 0.18 B - 20505 0.0044 0.094
B~ — Al 0.019 0.18 B~ — AAlp 0.062 0.47
B > piilp 3.40 9.40 B0 o x50 0.12 0.12
B - XtAlD 0.036 0.34 B - 2057 1p 0.12 0.11
BY — AX"Ip 0.034 0.33 B’ - EVE"Ip 0.0040 0.084
BY = pxip 0.044 0.87 BY - pAlp 1.01 1.28
BY - nZlv 0.086 1.68 B - =50 0.10 0.24
BY - 20="Ip 0.048 0.11 BY — AE D 0.048 0.10
Mode >, Bri(1078) 3, Bry(1078) Mode >, Bri(1078) 3, Bry(1078)
B~ = Xpui 0.017 0.32 B~ — X i 0.031 0.62
B~ — 5% 0.038 0.089 B~ — =305 0.018 0.042
B~ — E Aub 0.018 0.041 B~ = Apui 0.39 0.52
B - Xt pub 0.031 0.61 B - Xhi 0.015 0.30
B0 _ =050,5 0.017 0.041 BY - E0Aup 0.017 0.039
B - 23w 0.032 0.076 B - Anvi 0.36 0.48
BY - ppuvi =0 ~0 BY — niww ~0 ~0
BY — S+ up 0.0081 0.17 BY — $0%0,p 0.0078 0.16
BY - = I 0.0074 0.15 BY — 200, 0.028 0.028
B - EE i 0.026 0.026 BY — AAvp 0.097 0.12

From Table XI we find that the Bq — BB'lv branching
ratios are of the orders 107-107® for nonannihilation
modes, while the branching ratios of B ¢~ BB'vi decays
are of the orders of 107''-10~% 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~ — pplp, B — pilp,
BY - pAlv, B~ — Apuvb, B® - Anvp, and BY — AAvi
decays. It is reasonable that the B~ — pplv 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 B® — piilv
and B~ — nnlv 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 Bq — BB'Ip decay amplitudes.

From Tables X, we obtain

- BT & 2

ZDBr_(f —>/_\[im/) _429% <0.0036> < 10-3.
Br(BY - pAlp) a V.l

>, Br(BY — Aiivp) a <0.0036

a - =3.94—x
Br(B? — pAlb) a \'

>2 %1073, (70)

The ratio @/a is expected to be close to one. In model 1 and
2, we have a/a = 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 B — pAlp decay are tree level decay
modes, while the B~ — Apvi and B — A#ivi decays are
governed by penguin and box diagrams, the above ratios
can be tests of SM.

B. B, —» BDIy, B, -~ BDvv, B, - DBIp,
and B, — DBvv decay rates
We now consider the rates of B, » BDIp and B, —
BDvv decays and the rates of B, — DBlv and B, — DBvv
decays. As shown in Table VI, in Bq — BDIv decays, there
is only one topological amplitude, namely 7 zp, while in
Bq — BDui decays, there is also only one topological

amplitude, namely PBgp, but PBgp and Typ are related
by ¢ as shown in Eq. (20). Similar features also hold in
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TABLE XII. Values of various parameters in model 1 and model 2. The bounds of the parameters dy, ...h

are
are

AuIu

obtained using triangular inequalities, Eqs. (68) and (69), while the bounds of the parameters a, @, 1, 7, 77, %,
obtained using the values and bounds of the parameters dy, ...hi.

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
dn 1.56 (0.59-3.25)n 14.89 (4.20-15.83)n
fi 0.99 (0.41-0.67)ij 7.44 (2.25-5.14)if
gk 2.24 (0.80-0.97)k 4.81 (0.22-2.93)k
g 1.96 (0.80-0.97)% 4.45 (0.22-2.93)%
ha 3.08 (1.75-1.99)a 3.88 (0.35-3.37)a
ha 2.77 (1.75-1.99)a 3.67 (0.35-3.37)a
hij 4.17 (1.75-1.99)7; 5.26 (0.35-3.37)j;
a 1.55-1.76 1.15-10.93
a e 1.39-1.59 e 1.09-10.34
p 1.72 1.79
n 0.48-2.62 0.94-3.55
il 1.49-2.43 - 1.45-3.31
i e 2.10-2.39 e 1.56-14.83
c 2.21 2.13
& 2.30 2.49
K 2.96 2.55
K 2.59 2.21
K e 2.31-2.79 e 1.64-21.73
R e 2.02-2.45 e 1.52-20.11
'3 3.19 3.13
g 2.32 2.61

(g % S x) (0.90, 0.85, 0.87, 0.88) (0.95, 0.86, 0.87, 0.93)

a’>p’k’k

B, — DBIv and B, — DBu decays by using Table VII
and Eq. (20), but with T'pz and PBpg. The decay rates of
B, - BDlv, BDvi decays and B, - DB'lo, DBub decays
are parametrized in term of a’ and a”, respectively, where
the rates correspond to A = Tz, and T'p are denoted as a’
and a”, respectively. Note that the above parameters
correspond to the rates in the SU(3) symmetric limit.
Asin Bq — BB'lvand Bq — BB'vi decays, we expect to
see threshold enhancement in the differential rates of these
modes. Likewise the SU(3) breaking on Bq — BDIv and
Bq — DBIp rates from the threshold enhancement can be
estimated as in the Bq — BB'Iv 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
y = 7. In Tables XIII and XIV the decay rates of Bq -

BDlv, BDvi decays and B, — DBIp, DBub decays are

shown. The parameters g, k', ¢’ and so on are used to

denote milder SU(3) breaking effects and are expected to be
of order one. The relative sizes of B, — BDIp(vv) and
B, — DBIu(vv) 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 Bq — BB'lp and
B, - BB'vi 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
B, — BDIpand B, - BDvv in model 1 and 2 are obtained
and are shown in Table XV, while the branching ratios of
B, — DBIvand B, — DBvi 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 B, — BDIv and B, — DBIv decays are in the
ranges of 107°-107% and 10°-107 in model 1 and 2,
respectively, while >°, Br(B, — BDlwv) and >_, Br(B, —
DBIvv) are in the ranges of 107'2~1071% and 10~!'-1071°
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
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TABLE XIII. Branching ratios of Bq — BDIv and Bq — BDui decays. The last factors are the SU(3) breaking from threshold
enhancement estimated using Eq. (62) with y = 7, and parameters ', k’,¢’, &, @' are expected to be of order 1.

Mode Br(B, — BDIp)(107®) Mode Br(B, — BDIp)(107%)
B~ - pAtip 24’ B~ — nAYp 2d’ x (0.993)

B~ -tz 2a" x (0.1300") B~ - 3059y La' x (0.128¢")

B~ — 202075 2a’ x (0.0384¢") B~ — A 3d' x (0.1840")

B® = pA'p 1.854' B = nA~Ip 5.56a’ x (0.993)
B0 505 0.93d x (0.1306") B - 3057 [p 0.93d x (0.1250")
B - B9E*Ip 1.854’ x (0.0379¢") BY - Al 2.784’ x (0.181¢")

BY — pﬁlﬁ
BY - xt=0p
BY - 2°Q-Ip

0.93d’ x (0.4448))
1.864’ x (0.0662«’)
5.594' x (0.02150')

BY = nX*Ip
BY - 205 Iy
BY - AE" Iy

1.86a" x (0.4344')
1.86a" x (0.0643’)
2794’ x (0.0906x’)

Mode

>, Br(B, — BDwi)(10719)

Mode

>, Br(B, — BDwp)(10717)

B~ - XtATup
B~ - X A%p
B~ - E20up
BY - StATLD
B 5> XA~
BY - =2 3% up
BY - =t3  up
BY - 23w

—_r—

BY - E"E"wp

2.40a" x (0.2694))
0.80a’ x (0.2588")
0.40a’ x (0.0709¢’)

0.74d’ x (0.2694)
2224’ x (0.258)
0.74d’ x (0.0698«’)

0.754' x (0.1305")
0.754' x (0.1235)
0.754" x (0.0368¢)

B~ = XA
B~ - B0x*fup

BY — SO0A0p

BY - 20%0,p

BY - 2050,

BY - E0E 0y

1.60d" x (0.2648")
0.80a’ x (0.0734«’)

1.484' x (0.2645)
0.37a’ x (0.0731«’)

0.75a" x (0.128¢")
0.754" x (0.0384¢')

mostly corresponds to the fact that |Tzp| and |Tpp| in
model 2 are greater than those in model 1, as reflected
through the sizes of @’ and a” as shown in Table XVII.
This is not surprising as |7, 5| and |T,z3| in B, — BB D
decays in model 2 are greater than those in model 1, as
reflected in the sizes of @ and b as shown in Table XII.
From Table XVII, we see that the parameters
B k", 6", E" and @' denoting milder SU(3) breaking
are indeed of order one and are similar in model 1 and 2 in
most cases. o
From Tables XIII, XV and IX, we find that B® — pA°lp

and B° > X0A%p have relatively unsuppressed rates
and good detectability. In particular, we have the follow
rate ratio of the loop induced mode and tree induced modes,

S Br(B? - 0A%p)
Br(B° - pA'lp)

0.0036
|Vuh|

:2.11ﬁ’x( >2x10‘3, (71)

where /7' is of order one. In fact as shown in Table XVII, we
have #/ = 1.01 and 1.03 in model 1 and 2, respectively. The
ratio in Eq. (71) can be a test of SM.

From Tables XTIV, XVI and IX, we find that B° —
Attplp, B = T*tAlp, B~ — Atply, B~ — Anlp,
B - X**pur and B~ — X' fwb 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,

0.0036
|Vuh|

Br(B° - >*t pup
2 p
Br(B" — A™* plp)

2
:4.551<”x< ) x 1074, (72)

where «” is of order one. In fact, as shown in Table XVII,
we have ¥/ = 1.86 and 2.24 in model 1 and 2, respectively.

The differential rates dBr/dm — of B° — pAlp
pA

decay and dBr/dmy:++; of B® - AT pl™b 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
y = 7. They clearly exhibit threshold enhancement as
expected.

C. B, > DD'li and B, — DD'vi decay rates
As shown in Table VIII, the Bq — DD'lv decay ampli-
tudes are governed by tree Tpp and annihilation App
amplitudes, while the B’q — DD'vi decay amplitudes are
governed by penguin-box PB and penguin-box-annihilation
PBA amplitudes. The penguin-box and tree amplitudes are
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TABLE XIV. Branching ratios of Bq — DBIp and Bq — DBub decays. The last factors are from the SU(3) breaking from threshold

enhancement estimated using Eq. (62) with y = 7, and parameters 8, k

.o, & " are expected to be of order one.

Mode Br(B, — DBIp)(1078) Mode Br(B, — DBIp)(1078)
B~ — AT ply 24" B~ — A%l 2a" x (0.991)

B~ — S*Yt[p 24a" x (0.06600") B~ — 303075 1 a” x (0.06436")
B — =020/ 2d" x (0.0130¢&") B~ — XAlp 3d" x (0.1046")
BY — At plp 5.56a" BY — Atilp 1.854" x (0.991)
B o $+30)p 0.93a” x (0.06465") 0 »O05=1p 0.93a” x (0.0624¢")
B - 5 [p 1.85a" x (0.0125¢") B - =t Alp 2.78a" x (0.1056")

B > ATTEHp
BY —» ATy
0 20="Ip

5.594" x (0.173p")
1.86a" x (0.164p")
0.93a” x (0.0294x")

BY — ATEOlp
BY - =20y

3.73d" x (0.1704")
1.86a" x (0.0308«")

Mode

>, Br(B, - DBup)(10719)

Mode

>, Br(B, - DBup)(10710)

B~ — Xpup

B~ - E% up
B~ — QB
BY - X puo

B° - =0%0,p
B - Q E i
BY - =3 up
BY - ¥
BY - BB b

0.40a" x (0.3398")
0.80a” x (0.0270x")

2.40a" x (0.00602a")
0.74a" x (0.341p")
0.374" x (0.0263«")

2.244" x (0.005800")

0.75a" x (0.06605")
0.75a" x (0.0611¢")
0.75a" x (0.0123¢")

B~ - X
B~ — 5 30p
B~ - B Auwp
BY = %7
B - B3 o
BY - =0ALD
BY - =0%0,p
BY — 2020,y

0.80a" x (0.3284")
0.40a" x (0.0260x")

1.20a" x (0.0408«")
0.37a" x (0.3364")
0.74a" x (0.0251x")
1.11a" x (0.0416k")

0.75a" x (0.06435")
0.75a" x (0.0130&")

—~ T~~~

related by a proportional constant , while the penguin-box-
annihilation and annihilation amplitudes are related by the
same constant, see Eq. (20). The Bq — DDl decay rates
can be parametrized by 5 parameters, namely, a”, b", "
d",and e, where the first four are contributed from tree and
annihilation amplitudes, with the following amplitudes 7'pp,
Tpp +App/6. Tpp + App/4, Tpp + App/2, respectively,
while the last one is only from the annihilation amplitude,
App. The same set of parameters can be used in
Bq7 — DD'vb decay rates as the topological amplitudes

s

are proportional to those in Bq — DD'lv decays by the
common factor, {. 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,

(Vd" = Ve" 62 <" < (Va" + Ve [6)?,

(Va" = Ve" /4 < " < (Vd" + Ve |47,

(Vd" = Ve" )22 sd" s (Vd" +Ve"2)2 (13)
As in the case of Bq — BB'Ip decays, it is expected that the

contributions from annihilation amplitudes to be much
suppressed than others. Consequently, we should have

¢ <« a" and the above inequalities lead to the following

relations,
n ~ b/// ~ C/// ~ d/// > e/// (74)

As in other B, — BB'[i(vp) decays, threshold enhance-
ments in the differential rates of B, » DD'lv and B, —

DD'vi decays are anticipated. They will lead to large SU(3)
breaking effect on B, - DD'lv and B, » DD'vi decay
rates. The SU(3) breaking on rates from the threshold
enhancement can be estimated as in the Bq — BB'lb case,
once the differential rate of a Bq — DD'Iv 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 y = 10 employing a similar procedure in the
discussion around Eq. (63), and the related parameters
p". 6" K", E" V", & denoting milder SU(3) breaking are
expected to be of order 1. . B

With these considerations the rates of B, — DD'lv and
DD'vo decays are shown in Table XVIII. With parameters
a" ~b" ~ " ~d" > ¢" and SU(3) breaking parameters
B 6" K" E 0", " of order 1, the relative sizes of
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TABLE XV. Branching ratios of Bq — BDIv and Bq — BDui decays in model 1 and model 2. Br; and Br, denote results in model 1
and model 2, respectively.

Mode Br;(107%) Br,(107%) Mode Br;(107%) Br,y(107%)
B — pATl 2.30 14.48 B — nA0lz 228 14.38
B St 0.22 1.48 B 05055 0.054 0.36
B =050 0.046 0.32 B = AT 0.25 1.65
B0 pAllp 2.13 13.44 B — nA-lp 6.35 40.01
B 30 0.10 0.68 B = 0575 0.098 0.66
B - B9 Ip 0.042 0.29 BY & AT D 0.45 230
B - el 0.48 3.08 B = nS 1o 0.94 5.99
B0 im0 0.10 0.70 B - S5-I 0.049 0.34
BY - Q- Ip 0.069 0.49 BY - A" Ip 0.22 1.51

Mode >, Bri (10719) 3, Bry(10719) Mode >, Bri(10719) 3, Bry(10719)
B o S AT 0.64 427 B SOAT LD 0.42 2.79
B o A0 0.20 1.36 B o 25,0 0.043 0.30
B o 550, 0.021 0.14

BO o S+ATLD 0.20 1.32 B0 - OA0 D 0.39 2.59
BY > A wp 0.57 3.78 B0 - 2050,5 0.020 0.14
B’ - B X" 0.038 0.26

BY - =3 up 0.097 0.65 B = 0305 0.095 0.64
BY - =T 0.090 0.61 BY - 2020,p 0.021 0.14
BY - E"Ewp 0.019 0.14

TABLE XVI. Same as Table XV but for branching ratios of B, — DBIv and B, — DBvi decays.

Mode Br,(107%) Br,(107%) Mode Br, (107%) Br,(107%)
B~ — A'ply 2.70 12.38 B~ - A%ilp 2.68 12.28
B £ STl 0.26 1.45 B - $050p 0.065 0.36
B~ — E80p 0.056 0.37 B~ — ZAlD 0.30 1.63
BY - At+plp 7.51 34.45 B - Atqalp 2.48 11.40
B® - =++30p 0.12 0.66 B - %Iy 0.12 0.64
BY - 205" ]p 0.050 0.33 B 5 St Alp 0.56 3.04
BY > AT 2.05 9.47 Bg = ATY01p 1.34 6.20
BY — A%T"Ip 0.65 3.02 BY = z+E0p 0.14 0.80
BY = == p 0.069 038

Mode S, Br; (10710) 3, Br,(10710) Mode S, Br;(10719) S, Br,(10719)
B~ — Xmp 0.21 1.16 B~ — Y fwb 0.42 2.26

B — 5037 ,p 0.045 0.29 B T-30,5 0.022 0.14

B~ — Q- E0up 0.030 0.23 B~ — = Aub 0.099 0.64

B — I pup 0.40 2.16 BY = 05,0 0.20 1.07

B0 _ 54050, 0.020 0.13 BO = =S up 0.039 0.25

B > Q= b 0.027 0.21 BY = =2 0ALp 0.094 0.60

BY - 23 Fp 0.12 0.63 B $050,5 0.11 0.62

B - ¥ T up 0.11 0.59 B = =0Z0,p 0.025 0.16

BY - B Ewp 0.024 0.16
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TABLE XVII. Values of various parameters in model 1 and
model 2.

Parameters Values (Model 1) Values (Model 2)
a 1.15 7.24

y’4 1.01 1.03

K 0.72 0.78

o 0.74 0.79

& 0.52 0.57

o4 0.50 0.56
Parameters Values (Model 1) Values (Model 2)
a’ 1.35 6.19

B’ 1.57 1.58

K’ 1.86 2.24

o’ 1.49 1.78

& 1.58 2.29

" 1.53 2.59

B, — DD'lv and DD'vi decay rates can be readily read
from the table. From Tables XVIII and IX we note that

B~ — ATTAT*[D 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 y =10 in Eq. (62) is not borne out. For B, —» DD'vi
modes, B~ — X*"ATtup decay has relatively unsup-
pressed rate and good detectability. The above assumption
of neglecting annihilation contributions can be checked
by searching the B~ — X*~X*[p decay mode, which is a
pure annihilation mode but with final states of good
detectability.

Using inputs from Sec. IIB and the formulas given
Appendix B, the branching ratios of Bq — DD'ly and
Bq — DD'vi 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 Bq — DD'Ip decays of nonannihilation modes are in
the ranges of 10°-107 in model 1 and 2, while
>, Br(B, » DD'lw) are in the ranges of 107'2-1071°
and 107"-107'" 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 |Tpp| in
model 2 is greater than one the in model 1 as reflected
through the sizes of a” in these two models as shown in
Table XX. This is not surprising as we noted previously,
the sizes of topological amplitudes |Tz3], |Tazz
|Tsp| and |Tpp| in model 2 are greater than those in
model 1.

The differential dBr/dm, = of B™ —
ATTAT[~D decay from model 1 and model 2 are shown
in Fig. 5, they can be compared to the one plotted using
Eq. (62) with y =10. They clearly exhibit threshold
enhancement as in other Bq — BB'Ip decays.

rates
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FIG. 4. (a) Differential rate dBr/ dm 5 of B® - pAY~p decay
from model 1 (orange solid line) and model 2 (green solid line).
The dashed lines are dBr/ a’mpF using Eq. (62) with y =7.
(b) Same as (a) but for the differential rate dBr/dm++} of BY —
ATTpImD decay.

From Table XX, we see that the parameters
ﬂ/”,KJH,U”’,é/N, U’”, a)/’ ﬁ///’k/// and 6)/” denoting milder
SU(3) breaking are indeed of order one and are similar in
model 1 and 2. Furthermore, 5" /", &" /" and @" /"
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~ - ATTATHD, B~ » A°A%p, B~ - X2t p, BY -
ATTE D, BY > AT Ip, BY » »EClp, B~ - ¥t
ATtup, B~ — T A%p, B~ - EO0TZ*tup, B - ¥t
T, BY —» 2T up, BY —» 502000 decays.

Ratios of rates from loop induced modes and tree

induced modes are sensible test of the SM. From
Table XVIII, we obtain
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TABLE XVIII. Branching ratios of Bq — DDy and Bq — DD'vb decays. Parameters a’”, b, ¢"”, d" are expected to be of similar

sizes, while e

is expected to be much suppressed. The last factors are SU(3) breaking from threshold enhancement, estimated uisng

Eq. (62) with y = 10, and parameters ", ", k", ", 0", @" are expected to be of order 1.

Mode Br(B, - DD'Ip)(1078) Mode Br(B, — DD'Ip)(1078)
B~ > AT ATD 360" B~ > ATATID 16a"

B~ — A°A0p 4d" B~ = A"ATIp e"

B = Tl 16¢" x (0.1256™) B = 30307 4d" x (0.1246™)
B~ - X" I Ip " x (0.1185") B = 20505, 4d" x (0.0198&")

R — TR —

B~ - EE" v
B - ATtATD
B = A"A-Ip
BO N E*OFZI;
BY » ATTEH D
B = AT D

BY - === Ip

" x (0.0191&")

11.1a"
11.1a"
7.4a" x (0.1216")

11.2a" x (0.3435")
374" x (0.3336")
7.5a" x (0.0474«™)

B — QO lp " x (0.00407v")

B = ATA D 14.8a"
BO I sr+3A0p 7.4a" x (0.1246")
B = 20E=p 3.7a" x (0.0195&")

BY - A+t 0y 7.5a" x (0.3415™)

BY - ==y
B = =0 Ip

14.94" x (0.0486x")
11.24" x (0.00883")

Mode

>, Br(B, — DD'wi)(1071)

Mode

>, Br(B, - DD'wp)(1071)

B~ — AT
B~ - =A%
B~ — 5-X0up
BY = S A*Lp
B’ > Y A"wp
BY - =¥ up
BY - AttATTLD
BY — AN

BY — D
Bg - YD

BY - B E"up

4.80a" x (0.3435")
1.60a" x (0.3335")
3.20a" x (0.0474%")

1.484" x (0.3435")
4.45a" x (0.3335")
5.93a" x (0.0464%")

0.37¢"

0.37¢"
1.49d" x (0.1256")
1.49d" x (0.1184")
5.96¢" x (0.0191£")

B~ - AT
B~ - 0% p
B~ - Q =0p
BY - ¥ 0A0p
BO N E*OZ*OUD
B’ > Q" Eup
BY = AtA*TLD
BY - A~A"wp
BY — =0x0yp
BY - E0E0p
BY - Q Qv

3.20a" x (0.3415")
6.40a" x (0.0486k")
4.80a" x (0.00883&"")

2.974" x (0.3415")
2.97d" x (0.0484&%")
4.454" x (0.00867&")

0.37¢"
0.37¢"
1.494" x (0.124¢")
5.96¢" x (0.0198&")
13.42b"" x (0.004070")

S Br(BY — T I up)
Br(B~ — A°A%p)
S, Br(B? —» Z*__ZTZ/D)
Br(B~ — A%A%p)

and

Br(B~ - X Attup
v

Br(B)— ATt T Ip)

S Br(B~ =2 Ahp)

Br(BY - A" )

S Br(B~ = B0 i) B

Br(B? — = E9[p)

2
= 4.660"" x <0'OO36> x 1074,

|Vub|

2
= 4.4006" x <0'3036> x 1074,

| ub|

(75)

where ¢”" is expected to be of order one, while " /" and
K" /K" are expected to be close to one. In fact as shown in
Table XX, we have 6" = 1.40(1.43), " /p" = 0.83(0.85)
and ¥ /K" = 0.81(0.83) in model 1 (2), which are indeed
agree with the above expectations. Note that the ratios in
Egs. (75) and (76) do not involve the small " 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 B, — BB'lv
and B, — BB/vi decays with all low lying octet () and
decuplet (D) baryons using a topological amplitude
approach. The decay amplitudes are decomposed into
combinations of topological amplitudes. In B, — BB'Ip
decays we need three topological amplitudes, namely two
tree amplitudes, 7,3, T,53 and one annihilation
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TABLE XIX. Branching ratios of Bq — DD'lp and Bq — DD'vi decays in model 1 and 2. Br; and Br, denote results in model 1 and
model 2, respectively. Those with vanishing rates are pure annihilation or penguin-box annihilation modes.

Mode Br;(107%) Br,y(107%) Mode Br;(107%) Br,y(107%)
B- = A+ ATTD 16.92 48.26 B- - A*ATID 7.52 21.45
B- — AYAVp 1.88 536 B~ - AATIp 0 0
B o S 1.32 3.83 B- & T30 0.33 0.95
B~ - XS0y 0 0 B 205903 0.060 0.18
B~ - B E" D 0 0 B~ - Q Qv 0 0
B = ATtATID 5.23 14.93 B0 o ATA0p 6.98 19.90
B — AYA~7p 5.23 14.93 B0 o sy 0.61 1.77
B = »OT[p 0.60 1.72 B - 2OE[p 0.055 0.16
B = AT 2.59 7.45 BY = A*TOp 1.72 4.94
B = AT Ip 0.84 2.42 BY =z 0.64 1.85
B - ¥OFT[p 0.31 0.91 BY - 2007 Iy 0.093 0.27
Mode >, Bry(10719) >, Bry(10719) Mode >, Br(10719) >, Bry(10719)
B~ = S*tATTLD 0.92 2.70 B~ = Y*0A+p 0.61 1.79
B- = S A0up 0.30 0.88 B =0T ,p 0.22 0.66

B — 50,5 0.11 0.32 B — Q=00 0.031 0.095
B o Y ATLD 0.28 0.83 BY — $O0A0, 0.57 1.66

B —» X Aub 0.83 2.44 B0 =050, 0.10 0.30

B - BT up 0.20 0.59 B - Q F i 0.029 0.086
BY - AtTATTLD 0 0 B » ATATLD 0 0

BY - A°A%p 0 0 BY - A~A"wp 0 0

BY 5 =T 0.15 0.43 BY = $050,p 0.14 0.43

B > 2T 0.14 0.41 B m0=0,5 0.11 0.33

B - = F 0.11 0.32 B > Q Qi 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)
a” 0.47 1.34
e"” 0 0
B 1.43 1.45
K" 1.87 1.91
" 1.40 1.43
& 1.62 1.65
0" 1.93 2.03
" 2.01 2.06
" 1.19 1.22
K" 1.51 1.58
" 1.58 1.66
p" B 0.83 0.85
& " 0.81 0.83
" [ 0.79 0.81

amplitude, Agg. In Bq — BDIp decays only one tree
amplitude, Tp, is needed. Likewise in B, — DBl decays,
we only need one tree amplitude, Tpg. Lastly in Bq —
DD'Iv decays, two topological amplitudes, namely a tree
amplitude, Tpp, and an annihilation amplitude, App, are
needed. In loop induced decay modes, we have three
topological amplitudes, namely two penguin-box ampli-
tudes PB,pp, PB gz and one penguin-box-annihilation
amplitude, PBAgg, in B, — BB'vi decays, one topological
amplitude, namely a penguin-box amplitude, PBgp, in
B’q — BDui decays, one topological amplitude, namely a
penguin-box amplitude, PBpg, in B, — DBuv decays, two
topological amplitudes, namely a penguin-box amplitude,
PBpp, and a penguin-box-annihilation amplitude, PBApp,
in Bq — DD'vi decays. As the numbers of independent
topological amplitudes are highly limited, there are plenty
of relations on these B, - BB'[U and BB'vi decay
amplitudes. Furthermore, the loop topological amplitudes
and tree topological amplitudes have simple relations, as
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FIG. 5. Differential rate dBr/dm .. of B~ — A*TA™*["p
decay from model 1 (orange solid line) and model 2 (green solid
line). The dashed lines are dBr/dm avi T using Eq. (62) with
y = 10.

their ratios are determined by the CKM factors and loop
functions.

It is known that the B~ — ppu v differential rate
exhibits threshold enhancement, which is expected to hold
in all other B, —» BB'Iy(vr) decay modes. These B,
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 B,, 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~ — ppu~v 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/dmpgg of
B, — BB'I(vi) decays can be parametrized as

dBr N
= (m2 - )}’ (mBB/ —mpg — I’HB/>, (77)
BB’

deB/

with y and N some constants, and we obtainy =9, 7,7, 10
for B, — BBl(vp), B, — BDIv(vw), B, — DBIv(vp)
and Bq — DD'lp(vp) 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 y =9
agrees with dBr/dm,; of B~ — ppu~v 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
y remains to be checked when more data is available.
In B, — BDIv(vv), B, - DBIlu(vv) and B, — DD'lp(vi)
decays, the values of y 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 y 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 B, — BDIp(DBIp) decays, as
there is only one topological amplitude, namely 7'zp (T'pg),
the rates of all other modes [including B, — BDuvio(DBui)
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 B, — DD'lp(vp) decays as long as the decuplet
and antidecuplet baryons are not related by charge con-
jugation, as there is only one topological amplitude, namely
Tpp (PBpp) in these decays. It is therefore interesting to
see the experimental results in these modes.

In the model calculations, we find that the Bq — BB
branching ratios are of the orders 1078-10=° for non-
annihilation modes, while the branching ratios of Bq -
BB'vi decays are of the orders of 10~''-10~® for non-
penguin-box-annihilation modes. The branching ratios of
Bq — BDIv and Bq — DBIp decays are in the ranges of
107°-10~7 while >°, Br(B, — BDlw) and Y, Br(B, -
DBIwv) are in the ranges of 107'2-107'°, The branching
ratios of Bq — DD'Iv decays of nonannihilation modes are
in the ranges of 10~°-10~7, while Y, Br(B, - DD'lw)
are in the ranges of 10712-1071°.

Modes with relatively unsuppressed rates and good
detectability are identified as following. In B, — BB'Ip
and B, — BB'vi decays, we have B~ — pplv, B — piilp,
BY » pAlp, B~ — Apuvb, B — Anwvp, and B? — AAvp
decays. In B, — BDIp and B, - BDvi decays, B® - pA°lp
and B° — X°A%7 have unsuppressed rates and good
detectability. While in B, - DBlv and B, - DBup
decays, B’ — A**ply, B’ —» X*tAlp, B~ — Atplp,
B~ — A%lp, B - X pup and B~ — T hwvp decay
modes are identified. Finally in Bq — DD'ly and Bq -
DD'vi decays, we find that the following decay modes
have unsuppressed rates and good detectability, they are
B~ - ATt AT, B~ — A'Ap, B~ - =5y, BY -
ATTE D, BY > AT Ip, BY » »ECp, B~ -
ATup, B~ —» 2 A%p, B~ — EO%fup, BY - ¥t
>tup, BY > X3 up, B —» E50p decays. These
modes can be searched experimentally in near future.
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Ratios of rates of some loop induced Bq — BB
decays and tree induced B, — BB'Iv decays are predicted
and can be checked experimentally. They can be tests of the
SM. In particular, we predict

- 2307, oy 2

2uBIBT = APLD) g (0003632 s
Br(BY - pAlp) a Vbl

S, Br(B? — Ajivp) 3.04% (0.0036

= = =23.794—X
Br(BY - pAlD) a \ [Vl

>2x 1073, (78)

for B, — BB'vo, BB'lv decays,

Br(B° = X0A0.p 0.0036) 2
2, Br(B7 > X, ””):2.11/5/x< ) %1073, (79)
Br(B" - pAiD) V]
for Bq — BDvp, BDIp decays,
Br(B® = =* pui 0.0036\ 2
20 r_(o ~ 2P g sserx %107, (80)
Br(B" - A" plp) [Vl

for Bq — DB, DBID decays, and

S, Br(B? — z*+_27+ua) . <0.0036>2 < 10-4
Br(B~ — A’A%D)

>, Br(BY - z*—_zTua) 4400 x <0.OO36>2 < 104
Br(B~ — AOA%[) V|

|Vub|

(81)

and

- *+ A+t 5 B 2
> Br(B~— XA 1/1/)24.29,3 <0.0036) <103,

— — — X
BI‘(B(S) — ATTED) p" \m
> Br(B~ -2 Ahp) 420?" <0.0036) 2 0
Br(BO— A=) "\ |Vl ’
S Br(B~ = 2% 1) & <0.0036) 2
v — =429—x x 1073,
Br(B? - S E0p) "\ Vil

for B, — DD'v, DDl decays. The parameters ', ”, and
¢ are expected to be of order one, while the ratios @/a,
p"/B" and & /K" are expected to be close to one. These
expectations are supported by model calculations. Note that
the ratios in Eqgs. (78) and (82) are insensitive to the SU(3)
breaking from threshold enhancement, while those in
Egs. (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, Bq - BB/ITI-
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 H.y, 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 Bq — BB'I*[~ decay amplitudes are identical to
those in B .= BB’vo amplitudes presented in Tables V, VI,
VII and VIII. Relations of Bq — BB/vp amplitudes as
shown in Sec. IIIB are applicable to B, — BB'ITI~
amplitudes. Consequently, although the absolute sizes of
decay rates and the shapes of differential rates need further
investigation, the relative decay rates of Bq — BB/ItI-
decays can be estimated using the results given in this
work, especially for modes with simple topological struc-
tures, such as B, — BD'vp, B, - DB'vi decays and some
Bq — DD’ decay modes. By naively using the results on
B P BB decay rates in Tables XIII, XIV and XVIII, it
is expected that the following B P BB'/* 1~ modes should
have relatively unsuppressed rates and good detectability.
These modes are B — A%+~ BY — X*Fpl*I~, B~ —
AT, BT - EATT, and BT — EOZFTIHC
decays. In addition to the above modes, although having
much complicated topological structure, the B, — BB~
decay modes should also be searched, especially the

B~ — AplTI~ decay, which has good detectability. It will
be interesting to search for them.
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APPENDIX A: Bq — BB’ MATRIX ELEMENTS
IN THE ASYMPTOTIC LIMIT

We discuss Bq — BB’ 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
A = —1/2 can be expressed as

B ) ~ (BT + B LU0+ B, (AD
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which are composed of 13-, 12- and 23-symmetric terms, respectively. For octet baryons, we have

_ [d(D)u(3) + u(1)d(3)

2
Pt A )\ Funa)| ),
) = (=[psd1)  with < d),
=5 4) = (=[pdtl)  with d—s),
e [ u()dB) + d(1)u(3) w(2)d(3) + d(2)u(3) w(1)d(2) + d(1)u(2)
=% IM) = _ Ve s(2) + Wi s(1) + Wi s,
Z5 ) = (psdt)) with u.d—d.s),
A = d<2)u(3);u(2)d(3)~v(1) +M(1>d(2);d(l)”(2)~v(3) NAROR
Z% M) = (psdtl) with  w,d — s, u),
[Z74)) = (Ipsdtl)  with u—s), (A2)
and for decuplet baryons, we have
AT M) = u(DuuB) ). (AT ) =d(1)d(2)d(3) 1),
AT M) = %[u(l)u(2)d(3) +u(1)d(2)u(3) +d(Du2)u3)][L 1),
A% L) = (AT IM)) with w<ed), [T M) = (A7) with d <),
20 1) = = [0(1)d(2)5(3) + permutation][L 1)
Q7)) = (AT I]) with u—s), (A3)
[
for the |B; | 1]) parts. while the 12- and 23-symmetric e = ((B; J11]0[q;(1) = q,(1)]|B’; { 1)
rts can be easily obtained by suitabl tation. , ) .
*The transition matrix element can be expressed as + (B 41110[0,(3) = @ (G)IIBS 1)),
_ _ B ej = (B: 1 10[q(2) — qL(2)]|B 11 1),
PR :+(pf )y’;”ipf ” ’ er = ({B: LUH10lg4(1) — a, (1]B 101)
PRI + (B U0[g(3) » (B 1LD). (A7)

+ i (pg)Fuvr (PR ), (A4)

where F, can be expressed as

F, = ar0,,q" + brq, + cp(ps + pw), + dr(ps — Pi) s
(AS)

with ¢ = pp — pp — py and form factors ar, bp, cp, and
dp. These G;, Gg, and F, 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 G;, Gg, and Fﬂ can be expressed in terms of three
universal form factors, QH, Qn, and F, as following,

Go=eG)  Gr=egfp  Fu=erfu (A6

where the coefficients el e and ey are given by

Note that ¢’ is the anti-quark in qu meson and ¢ is the
quark in the g, y,b, current. Applying Ql[q; (1) = ¢, (1)]
to |B’; 1) changes the parallel spin ¢'(1)[]) part of
|B’; | 11) to a parallel spin ¢(1)|] ) part, where the flavor is
changed from ¢’ to ¢, and likewise for the operation of
0[q;(3) = g, (3)] on |B’; [ 1]). As the operation involves
only the parallel spin component, the coefficient is called ¢,

and the correspondent form factor is QH. Likewise e

involves only the anti-parallel spin component, while ep
involves operations that flip the spin of the quark in
addition to changing the flavor from ¢’ to g. 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, Bq/ is annihilated by
the current and the baryon pair is created from vacuum. The
coefficients ey, eﬂ and ey for all relevant transitions
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TABLE XXI. The coefficients (e”,eﬂ,ep) for various (BB'|g,y,b,|B,) matrix elements.

(BB'|7,7,b1|By) (ey> e er) (BB'|g.7,b.|B,) (ey. - €r)
(pplayy,by|B™) (5.1,-2) (nt|igy,by|B~) (1,2,9)
(ZT = Ly, bL|B7) (5.1,-2) (%01, y, b, |B7) .1,-1)
(Z°Aliiy,b.|B7) (B, -5 - (B0, y,by |B7) (1,2,5)
(A0t y, by |B) (@—?—?) (AAlay,b.|B™) 3.3.0)
(pilaLy,b.|B®) (4.-1,-3) (=i, y,by |B°) (-35.-5.v2)

LR 50 05— 7 B0 51
(Z*AlaLy,bL|B®) (\/%_\/g_\/%) (Z°Z |, y,bL|BY) (3,727 —2)
(AX"|iapy, by |BY) (\/%_\/%’_\/%) (B%E iy, by |B°) (-1,-2,-1)
<P2 i y,b|BY) (-4, —v2,—515) (pA|i y,br|BY) _3

I V2 2V2 >

(n27 iy y,b|BY) (=1,-2,-3) (SE )iy, | BY) -1,-3
(Z°E" |y, b |BY) (2V2,-J5.-5%) (AE Ly, by |BY) \/_7 \ﬁ_i\/
(Zp5Lr,bLlB™) (-5 —V2. 35 (Z7Al5.y,bL|B) (-1,-2.-9)
(BT [5,7,b,|B") (4,-1,-3) (B3, y,bL|B7) (2vV2.-55.-3%)
E-AJs Ap|spy.br|B™
(E"AlsLy,bL|B7) (V6. \ﬁ,_% 3) (ADISLY,bL|BT) (_3\@0,%\@)
(Z*PI5Ly,bL|BY) (-1,-2,-}) (297i[5,7,b.|B®) (L5255

(&2 5r,be |B) (-2v2.55.5%)

(B [5L7,b01B°) (4.-1.-3)
(SFE7[5.7,b.1BY) (1.2.3)
(Z7X7 5Ly, b.1BY) (1.2.3)
(&” E_\SLY,,bL\B ) (5.1,-2)

(B%Al5,y,b,|B°)

(V6.3 =14/D
(3303

(AR|SLy,b.|BY)

<Z‘O§|§LV b.|BY) (1,2,%)
(=0=° |SL7,bL|BY) (5,1,-2)
(AA[5.y,b.|BY) (3,0,-3)

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 (eH,eﬂ, er),

1
TIBB: (e‘(‘l), 6%1)7 eg)) == <1727§>5
L@@ )y 5
Thpi: (eH ,eﬂ cep) = 4,—1,—5 ,
1
Tpp: (eh,eﬁ,e}) = <l,—1,§),
1
Tri: (ei(,e%,eﬁé) = (1,—15),
Tt ( " ool e///)_ ll l
o €€ OF 2°2)

and similar relations for Pz 5p pg.pp-
In general, the topological amplitudes, T35, Tpp Tpp
and T'pp, are given in Egs. (21)—(24). It is useful to show

(A8)

that Tzp, Tpg, and T'pp have the structure of Tz in the
asymptotic limit. Note that the Rarita-Schwinger vector
spinor u, can be expressed in terms of Dirac spinors and
polarization vectors as following [43]

_ 3 - |
u, <p,j:§) = eﬂ(p,:tl)u(p,:t§>,

| |
uy, p9i§ \/— y(p9i]) p9:F§

+\/§”(p 0)u < :l:%), (A9)

where €,(p, 1) is the polarization vector,

670~ (12.20)

5.41) = (0,€(0.41)).
ot €,(p,£1)=(0,€(0,£1))

(A10)

with 2 = p/|p| and &0, +1) - 4 = 0, and, for example, in
the case of p = (0,0, p), we have 72 = Z and 5(6 +1) =
F (1,+£4,0)/ V2. Spinors v#(p,A) have similar relations.
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TABLE XXII. The coefficients (eH,eﬂ, er) for various (BB'|g,y,b.|B,) matrix elements.

(BB'|7.7,b.|B,) (ey e er) (BB'|7,7,b.|B,) (ey- e er)
(pA¥|ay,bL|B7) (-v2,v2,~5) (nA%i, y,b,|B7) (-V2,v2,- %)
(E*E i y,by |B) (V2,-v2,5) (202 aLy, b |B~) (= %%"ﬁ)
("2, y,b,|B) (V2,-v2,5) (A2, y,b,|B7) (\/g,_\/;%\/g)
(pA®|,y,b, |B°) (-v2.v2. ) (nB~|ayy, by |B) (—VB. V6.~ [3)
(20, by |B°) (1.-1.5) (202 |aLy,b.|B%) (-1 1,-3)
(E°E JaLy,be|B°) (\/5_\/5%) (AE*|ay, b, |B°) (V3,3 V3
(P=ity,by|BY) (=1,1,-3) (nZ% gy, by | BY) (-v2.v2.- %)
(Z*EOa,y,b.|BY) (V2.-v2,55) (2B |aLy,b.|BY) (=1 1,-3)
(B%Q7 |, y,by. |BY) (\/8_\/6\@) (NE*|ipy,br|BY) (\/§_\/§\/T§)
(ZF AT [5,7,b.|B7) (~VB.V6.~\/) (ZOAF[5.7,b.|B") (2,-2.1)
(Z=A%5,7,b.|B7) (V2.-v2.55) (BT [5Ly,bL|B") (-v2.v2.- )
(EX005r,b0|B7) (1.-1.3)

(Z*A*[5,y,b|B°) (-V2.v2,-%) ($9A%(3,7,b, |B°) (2,-2,1)
(Z7A7[5.7,b0|B°) (vV6, /6, \/g) (29505, 7,b,|B) (-1,1,-1)
(E"Z7[5.y,b.|B°) (V2.-v2.5)

(Y7 [5.7,b. | BY) (—V2.v2,-%) (Z025,7,b. | BY) (V2.-v2.5)
(XX [s.y,bL|BY) (\/i,—\/j,%) <EOF|SL}/”1)L|B?> (—\/5,\/5,—%)
(B E"[5.7,b.|BY) (V2,-v2. %)

When |p| > m, €,(p,0) dominates over €,(p,+1) and, consequently, u*(p,+1/2) and v*(p,+1/2) dominate over
w*(p,£3/2) and v*(p,+3/2), respectively, and they can be approximated as

2p L1 \f Py (-
+ K + +- ) >y /22E +—.
w(ps) = 5n(pes) w(pan)=S(res)
Using the above relations and Egs. (22)—(24), in the large momentum limit, we should have

.Gr , -
TB@ ~ 175 VublLyﬂyLaliﬁl’l/z

_ 21 .

u(pp,ﬂzs)\ﬁm { [(glpB Pp+ 964 Pp)Yu +i(9hrs - PH+ 944 PD)OL,G"
D

+ (93P Pp + 954" Pp)qu + (94P5 " PD + 999 PD)PBu + g’sp@,l} Ys

- [(f’lpzs pp+16q Pp)vu +i(fsps- Pp+ 179 Pp)oL,q

(A1)

+ (f3ps - Pp +f3q - Pp)du + (fups - Pp+ f9q " PD)PBY + f’sp@ﬂ] }v(pp,ﬂo),
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TABLE XXIII.  The coefficients (e, e er) for various (BB'|g.y,b.|B,/) matrix elements.

(BB'|g.1,be|By) (ey- e er) (BB'|g,7,b.1By) ey, ey er)
(A*plagy,b.|B™) (-V2.v2,-%) (A7 y,b,|B) (-V2.V2.~ )
(Z2F Ly, by |B) (V2.-v2.5) (=%, b, |B) %57 25
(292 |ML7/4bL‘B ) (\/E—\/E%) (ZOA|iayy,b.|B") (\/g_ 31,3
(A*plaLy, b, |B°) (V6. -6, \/3) (Al p, by |BY) (V2. -v2. 1)
(=3, y,b, |B°) (-1,1,-1) (=% y,b, |B) (-1,1,-}
(BE" | y,br|B°) (-v2.v2,-5) (Z**Ala,y,by|B%) (—V3.V3,-5)
(AT iy, by |BY) (/6.6 ,_\/g) (A+E0ay y,by |BY) (2,-2,1)
(A" |y, bo|BY) (V2.-V2.5) (z 8y, by |BY) (-V2,v2,-5)
<Z*0 |”L7;4bL|B ) (1»—17%)
<2 1_7‘3 7,ubL|B > (_17 1,_%) < *__lgLyubL‘B_> (_\/z7 \/z’_\/Li)
(BSF[5,y,b.|1B7) (V2.-v2.5) (2 Xs1r,b.|B) (-1,1,-}
(QE517,b.B7) (V6. -6, /3 (B Al5Lr,b|B7) (V3,-V3,%)
(T plsLy,bL|BY) (V2.-v2.75) (=*|5.y,b.|B) (1,-1,1)
(80 ZO|SL}//4bL|B ) (-1 1,-3) (B Z7[5.7,bL|B°) (-V2, \/5,—\%2)
(Q Eﬂ‘L?ﬁlbL\B ) (=6, \/g_\/g) (E*°A|§LyﬂbL|BO> (=3, \/‘_\/7§)
<Z*+§|§L}/ﬂbL|_B?> (—\ﬁ, \/E,—%) <2*0§|§L}’,¢bL|Bg> (ﬂ,—\ﬁ,\/ii)
(zmz” [5.7,bL|BY) (V2.-v2.5) (EE0[5,y,b,|BY) (-v2.v2.- %)
(EE [5.7,b.L|BY) (V2,-v2, %)
.G -
Tpg =~ 172 Vv vip,)1/2
) 21
it(pps Ap) 3mp [(glpg Pp+ 954 pp)vy +i(@pg - Pp+ 379" Pp)ou,d”
+ (93P Pp + 959 Pp)qy + 95Dy + (94PE - Pp + 999 - pp)pg,,} vs
- [( 1Pg-Pp+ f6q-ro)vu+i(faps - Po+ 79 Pp)o.,q’
+ (f3pg o+ f34 - Pp)ay + f5rp. + (fips- Pp + foq - pp)pf;,,] }v(p[g,/lg), (A12)
and
Gr
Tpp~i—px /2 ublLy;tVLéup\ 1/20025).1/2
2pp- pr
X i(pp,Ap) 5 3 m = [g’{’m +19y0,,0" + 954, + 94 (Pp + P,
pMp
+ 45 (pp = Pp) } [f”’n, +ifyouq” + f5q, + i (po + po),
+ (o= po)) }v(p@,ﬂ@)- (A13)
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TABLE XXIV. The coefficients (e, e er) for various (BB'|g,y,b.|B,/) matrix elements.

(BB'|g,7,b.|By) (e ep-er) (BB'|g,7,bL|By) (e ep.er)
(A AT |7y, b, |BT) (6, 3, 3) (A*A*|agy,b,|B7) 4,2,2)
(A0A%|,y,b, |B) 2 1,1 (= y, b, |B7) 4, 2,2
(20T y, by |B7) 21D (E05 L y,b.|B") 21D
(AT AT |y, b, |B) (2V3.v/3.V3) (A*A%ay,by | BO) .22
(AA7 (g by |BO) (2v3.v3.3) (EE =iy y,b, | B) (2v2,v2,V2)
(0% iy, by |B®) (2v2.v2.2) (B2 iy, b |B) 2 LD
(ATFZ a,y, b |BY) (2v3,V3,V3) (ATZaLy, by |BY) (2v2,v2,Vv2)
(AOF|13L}’,/9L|B§)> 2,1, 1 (z* +H0|ML}’,41?L|B ) 4, 2,2)
(ZOE|aLy,b.|BY) (2v2,v2,V2) (B0 |y, by |BY) (2v3,v/3,V3)
(Z AT [5,y,b|B) (2v3.v/3,V3) (ZOAT|5.7,b.|B) (2v2.v2,V2)
(2 A%5,7,b.|B") @ 1.1 <E*°2*+\sw b.|B7) “4.2,2)
(EZ05,7,b.|B7) (2v2.v2.v2) (QE5,7,b.|B7) (2v/3.v/3.3)
(ZF AT [5,7,b.|B) @10 (=0A5,7,b, |B) (2v2.V2.v2)
(ZA7[5,y,b.|B) (2V3.V3.V3) <5*02*0|5Ly b, |B%) (2v2.V2,V2)
(BZ"|51y,bL|B°) 42,2 (QE"|51y,bL|B°) (2v/3,1/3,/3)
<Z*+ZT+|§LyybL|BE> e LD (29505, y,b, |BY) 2, LD
(=T 51,01 BY) @1 (2 OE 05, 7,b,|BY) 4.2,2)
(& |SLy.bL|BYS) “4.2,2) (QQ° |SL7;4bL|B ) ©. 3, 3)

Comparing the above equations and Eq. (21), we see that
T'p, Tpp, and T'pp indeed have the structure of 7’55 in the
asymptotic limit. Their asymptotic form can be obtained by
using Eqgs. (A4), (A8), and the above equations.

APPENDIX B: FORMULAS OF DECAY RATES
FOR B, — BB'ly AND B, — BB'vo DECAYS

The B, —» BB’y and B, — BB decays involve
4-body decays. The decay rate of a 4-body decay is given
by [7,33,44]

M2

= —————
4(4rx)° mB

s f#Xds dtdcosOg dcosby, dp, (Bl)

where s is the invariant mass squared of the lepton pair, # is
the invariant mass squared of the baryon pair, Oy, is the
angle of the baryon B (the lepton [ [or ]) in the baryon pair
(Iepton pair) rest frame with respect to the opposite direction
of the lepton pair (baryon pair) total 3-momentum direction,
¢ is the angle between the baryon and the lepton planes, and

m2 — s —1)2 12
XZ(%—S[) ,

B= L =2+ m) + (i~ mBPV (B2)

The ranges of s, ¢, O, 0y, and ¢ are

where the masses of leptons are neglected.

The amplitude squared |M|? can be obtained by using
T Tpp, Tpg, and Tpp as shown in Egs. (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, g, 61, and ¢ before the
integration [ dI" can be carried out. The expressions have
been worked out in Ref. [44]. Defining

P = pg + ps, 0= ps—Ps
L = py) + ps N = pyy) — Pos (B4)

one has [44]

P =1, P-Q=mj— m%, Q2:2(m%+m%)—t,

L’=s, L-N=0, N?=-—s, (BS)
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(N my —m%
L-P=3(my —t=5). L-Q=pXcosOy+-2 "EL.P.  N.P=Xcos0y,
my — mg . .
N-Q= chos O, + B(L - P) cos @z cos Oy, — /stf3 sin O sin Oy, cos ¢, (B6)
1 (my —m%)(m% —s+1)
pB‘PZE(m%q—S—Ft)? pp-Q= > thBq + X cos Oy,
1
PB'LZE(m%Bq+S_t)’ pp-N = Xcosby, (B7)
and
€upe NV P ply0° = \/s1BX sin Og sin Oy, sin g, (B8)
with €0123 — —1.

In B, — BDIo(vv), B, — DBIo(vv) and B, — DD'lp(vi) decays, the calculation of [M|? 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,

3/2
_ 1
Z U, (p’ A’)”v(p’ /1) = _(ﬁ+ m) <G/w - gGﬂaGulyﬂyl> ’
1=-3/2
3/2 1
Z Uy (p7 l)bv(lh /1) = _<P/ - m) (G/w - gGﬂaGm}’GV’l) ’ (B9)
1=—3/2
where G, is defined as
_ PuPy
Gﬂu = 9w — ;;lz . (BIO)

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

3/2 2 2 1/2

> (P (P A) = (ot m) s pupy =3 pupy Y u(p, (P, ),

A==3/2 n " A=-1/2

3/2 2 2 1/2

> V(P A0 (P. 2) = (7 =) 5 PP = 55 Pyl > v(p. A)B(p. ), (B11)
1==3/2 i==1/2

which agree with Eq. (All). Note that in our calculations involving Rarita-Schwinger vector spinors, only the exact
polarization formulas in Eq. (B9) are used.

With the above formulas B, — BB'I0 and B, — BB'vi decay rates can be readily obtained once the topological
amplitudes are given.
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