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We study the rates and direct CP violations of two-body baryonic Bu,d_s — BB’ and B; — BB’
decays, where the final state baryons include low-lying octet and decuplet baryons. We incorporate
topological amplitude formalism and the factorization approach. Asymptotic relations at large m,, are
used to simplify decay amplitudes. Using the most up-to-date data on B — pp and B~ — Ap decay
rates as inputs, rates and direct CP violations of B, ,, — BB’ decays are revised and predicted. It is
interesting that the results on rates satisfy all existing experimental bounds and some are close to the
bounds. Factorization diagrams contribute to penguin-exchange, exchange, annihilation, and penguin-
annihilation amplitudes. Although the resulting penguin-exchange factorization amplitudes are sizable,
the rest suffer from severe chiral suppression and are sensitive to nonfactorizable contributions.
As the B, — pp decay is governed by exchange and penguin annihilation amplitudes, the rate predicted
in factorization calculation is very rare, but it can be enhanced by including nonfactorizable
contributions. The case where the rate is enhanced to saturate the present experimental bound through
the enhancement on exchange or penguin-annihilation amplitudes is discussed. As annihilation modes
B — BB/’ decays from factorization calculation are found to be very rare, but they can be enhanced by
including nonfactorizable contributions as well. Small direct CP violations of pure penguin
modes in AS = -1 B, ,, — BB’ decays are robust predictions of the SM, while vanishing direct
CP violations of exchange modes in Bu,d.s — BB’ decays and in all By — BB’ decay modes are null tests

of the SM.

DOI: 10.1103/PhysRevD.106.036015

I. INTRODUCTION

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

Theoretically two body baryonic B decays have been
studied in various approaches, including pole model
[10-13], sum rule [14], diquark model [15,16], flavor
symmetry [17-23], factorization [24-27], and some other
calculations [28]. For some recent reviews, see [29,30].

In this work we will employ the approach of Refs. [21-23],
which made use of the well established topological ampli-
tude formalism [31-38] and asymptotic relations [39] in
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the large m,; limit. Note that the approach successfully
predicted the B~ — Ap rate [22] using the data of B —
pp decay [40].

We shall extend the previous study in several aspects.
First, additional topological amplitudes will be introduced in
Bq:u’ 4s — BB’ decays with B denoting low lying octet and
decuplet baryons. Second, some of the topological ampli-
tudes have factorization contributions, which can be calcu-
lated using factorization approach. For some important
progress of diagrammatic approach with factorization
assisted, one is referred to Refs. [41,42]. Note that Bu,d,s
decaying to low lying octet baryon pairs have been studied in
Refs. [25,27] using factorization approach, but our formal-
ism is different and, consequently, we will be able to extend
the study to include all low lying octet and decuplet baryon
pairs. Third, we will study B; — BB’ decays and will give
predictions on rates and direct CP violations.

There are accumulating speculations of new physics
effects in rare B decays, see, for example, [43,44] from
some recent discussions. Any test of the Standard Model
(SM) should be welcomed. In this work we try to identify
some robust predictions from SM and null tests of the SM
in rare B decays in the baryonic sector.

Published by the American Physical Society
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TABLE I.  Experimental results of B, ;, — BB’ branching ratios. The upper limits are at 90% confidence level.
Mode LHCb Belle CLEO PDG [9]
B~ = Ap (24539 £0.3) x 1077 [1] <3.2x 1077 [2] (24539 x 1077
B~ — 2p <4.7x 1077 [3] <4.7 x 1077
B~ — AAT <8.2x 1077 [3] <8.2x 1077
B~ = A% <1.38 x 1076 [4] <1.38 x 107°
B~ — pATt <1.4 x 1077 [4] <14 x 1077
B’ > pp (1.2740.134£0.05x0.03) x 1078 [6] <1.1 x 1077 [2] (1.254+0.32) x 1078
BY - ¥+ p <2.6 x 1077 [3] <2.6 x 1077
B = pAT, A P <1.6 x 1076 [7] <1.6 x 107
BO 5 AAC <93 x 1077 [3] <9.3 x 1077
BY —» AA <32x 1077 [2] <32 x 1077
0 AOAD <1.5x 1073 [8] <1.5x 1073
BO o ATTATT <1.1 x 107* [8] <1.1x 107
BY = pp <4.4 x 107 [6] <1.5x 1078

The layout of this paper is as following. We give the
formalism in Sec. II, which is followed by numerical results
on rates and direct CP violations of B, s, — BB’ and By —
BB’ decays in Sec. III. Section IV is devoted to discussions
and conclusions. We end this paper by two appendices.

G
Hp = \/—%{ Z VapVigle1 0] + 05 =V, Vi,

r=u,c

where we have ¢ = d, s, and

0] = (7[7)\/ A@r)y_a

_AZ

V:FA’

II. FORMALISM
A. Topological amplitudes

The effective weak Hamiltonian for charmless B, ;
decays is given by [45]
|
10
CiOi} +H.C., (1)
i=3
04 = (Fabp)y_a(@pTa)y—as
Oy = (éabﬁ)v—AZ(ZI};q/a)v;A’
q/
3
08( 10) = E(qab[)’ —Aze QﬂQa)ViA’ (2)

3
0(9:5 VAZe 49 )vsias

q

with O;_¢ the QCD penguin operators, O;_j, the electroweak penguin operators, and (§'q)y+4 = gy, (1 + %ys)q. The

next-to-leading order Wilson coefficients,

¢, = 1.081,
C7 = —0.0II(XEM,

¢, =—0.190, ¢35 =0.014,
Cg = 0.060(XEM,

are evaluated in the naive dimensional regularization
scheme at scale y = 4.2 GeV [46].

We follow the approach of [21-23] to decompose Bq -
BB, BD, DB and DD decay amplitudes, with g = u, d, s, B
and D denoting low-lying octet and decuplet baryons, into
topological amplitudes. We have tree (7'), penguin (P),

Cog = —1.254(XEM,

ey =—0.036,  cs5 = 0.009,

Cio — 0'223aEM’

e = —0.042,
(3)

|

electroweak penguin(Pgy), W-exchange (E) annihilation,
penguin-annihilation (PA), and penguin-exchange (PE)
amplitudes, see Fig. 1 for the corresponding diagrams.
For AS =0 transition, the tree (Or = O;,), penguin
(Op = O5_¢) and electroweak penguin (Ogwp = O7_10)
operators in Hamiltonian has the following flavor structure,
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FIG. 1. Topological diagrams of (a) T (tree), (b) P (penguin), (c) E (W-exchange), (d) A (annihilation), (e) PA (penguin annihilation),
(f) Py (electroweak penguin) and (g) PE (penguin-exchange) amplitudes in B to baryon pair decays. These are flavor flow diagrams.

Or ~ (ub) (du) = H}f(4:b)(diq’). HiP=1=H  Hgyj' = Q0] otherwise
Op ~ (@b)(4iq") = H* (@) (@id'). H}} = Hywf = HE = 0. ©)
Opwp ~ Q;(db)(g;4') = Hew'! (@:0)(qxq’),  (4) Following Ref. [21] by suitably matching the ¢.q;q;

flavor to decuplet and octet baryon fields, we obtain the
following effective Hamiltonian for Bq — DD, BD, DB,
with and BB decays,

HEP = 6T pp B, Hif Dig/ D™ + 6P pp B, H Dy D™ + 6 Epp By H' Dy D™ + 6App B H! Dy D™
+ 2PAppBiH Dy D™ + 6P pyypip B,y Hityy [ Dy D™ + 6PEp B, H Dy D™, (6)
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H?ff@ = _\/ETIBY_)BmHj‘keikaB[aDljm - 2\/6TZB@BmH5k€akIB?DIjm - \/EPBT)BmerkiaB?IDHm - \/EEBﬁBkHj‘keilananlj
- ‘@ABf)BiH}k%uB%Dmlj — V6P py5pBH Ew € By DM — 2V6PpyspB . H Ew e BIDI™

- \/EPEB@BmerkiaB?IDHm ’

(7)

Hg-? - _\/ETIDBBmijblklelijZl + \/6T2D8BmH;k,Z_)ikl€biji) + \/EPDBBmHk@kilebimBi + \/EEDBBkH;kbllm€bllBZn
+ \/EADBBiH;kalm€bli821 - \/EPIEW'DBBmHEWj'kbiklelijZL + \/EPZEWDBBmHij-k,Diklé'bjmBé

+ \/EPEDBBmHk,Z_)kilebimBi s

and

(8)

BB _ B ik Ra .ljb Rm B ik a .bjm Rl B ik Ra ljb Rm B ik Ra bjm Rl
Heff = TIBBBmH] €ikaBl€'1 Bb —_ TZBBBmH] eikaBle J Bb + 2T3BBBWIH] €alei€] Bb - 2T4BBBI’HH] €alei€ J Bb

— 5P 5B H"eo B € By — PoppB, H eyio )€™ B}, — SE, s B H' €, Biye™" By, — Ey By Hi e, Biye™ B,

B ik, Ra mibpi B ik, Ba bligl _z o malib

- SAIBBBiH} €klaBam€m Bb - AZBBBI'H} eklaB?ne ]Bm + PlEWBBBmHEW;‘ €ikaB?€] Brb"
Ny k. Rabimpl 5 k. aljb z % Pa bimpl
= PopwpaBnHew] €ixaB] €™ By, + 2P3pwppBnHew| €aulBi €7 By — 2P,y pyppBnHew | €auBi €™ B),

— PApgBHY e, Bae" B}, — SPE, B, H e, Bl By — PE,pzB,,H ey, Bie"™ By, 9)

with B, = (B~,B% BY), D! = A++, DI2 = A+/\/3,
D122 _ AO/\/§ D222:A— D113 — 2*—/\/§ D123 —
Z*O/\/E, D223 — Z*—/\/i D33 — E*O/\/i D233 —
2 /V/3 D3 =Q, and

=2 A +
\/§+\/6 > p
- 2 A
B=| = ~utw " [ (19
Cn 50 —\/2A

(see, for example [47]). Note that the penguin exchange
amplitudes, PE are new and the coefficients of PA are
adjusted (by a factor of 1/3) for later purpose.

The above formalism can be extended to study B, —
BB’ decays. The Hamiltonian governing the decays has the
following flavor structure,

Or ~ (eb)(du) = H$ (2b)(qrq’).
HS? =1, otherwise H;’k =0. (11)

Hence the effective Hamiltonian for B, — DD, BD, DB
and BB decays can be constructed similarly giving

HRP = 6AS - B HS*Dy,,, D", (12)
HRE = V6AG ;B H Dyyyc' By (13)
HEEP = —V/6AS B He ey, B, D", (14)

and

HEB = —5A¢ -B.HS ey By B,
— AS 2B HS ¢4, B3, By, (15)
The above results for Bu,d.s and B decays are for AS = 0
transitions. In the case of AS = —1 transition, we put a prime
in topological amplitudes and use H{* = 1 = H?, Hpy 3¢ =
jéj?, and HS® = 1 for nonvanishing elements, instead.
The B,. B, — BB, BD, DB, and DT’ decay amplitudes
obtained using these effective Hamiltonian are collected in
Appendix A. Since the flavor flow structures of penguin
exchange diagrams and penguin diagrams are identical, see
Fig. 1(b) and (g), these two topological amplitudes always
occur in the combination of PE/) —i—PEl(.') in the decay ampli-
tudes. It should be noted that although the above constructions
make use of SU(3) symmetry, they are use as tools, as
bookkeeping devices, to obtain flavor flow structure of the
decay amplitudes. Once the flavor flow structure is obtained,
SU(3) breaking effects, through masses, decay constants and
so on, in these topological amplitudes can be imposed. Note
that annihilation diagrams only exist in B~ and B decays,
while exchange diagrams only exist in Bg and B? decays and
penguin-annihilation diagrams only exist in By, — BB and

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

B. Factorization contributions to
AU, EV, PE"), and PA")
A typical factorizable B — BB’ decay amplitude has

the following expression, which is similar to the mesonic
case [46]:
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Arw(B — BB) =‘;F{vubvzq[a1@u>v_A ® (b)y_s + ax()y_y ® (7b)y_

V2
ViuVig [a3 Z(CI

® (gb)y_s + ‘142(@‘1 Jv-a ® (7'b)y_4

+ aSZ(‘_I/q/)V+A ® (gb)y_s — 2“62(@4/)S+P ® (q/b)S—P:| }a (16)

q/
where O; ® O, is the shorthand of

01 ® O, = (BB'|0,(0){0[0,|B) (17)
and we neglect the contributions from electroweak penguin
operators in the factorization calculation. Note that in
factorization calculation the electroweak penguin operators
contribute to electroweak-exchange and electroweak-anni-
hilation diagrams, which are negligible comparing to the
topological amplitudes generated from tree and strong
penguin operators, and these topological amplitudes are
|

not considered in this work. In the leading order, the
coefficients a; are defined in terms of the effective Wilson
coefficients c; as

af 4 =ci+cipi/Ne,
al =c;+c_i/N.. (18)

1=even

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

_ G i ) o )
Age(B™ — BB) = é{vubVanl(qu)V—A ® (ib)y_, — thth[a4<qu)V—A ® (ib)y_,
—2as(qu)s,p ® (@h)s_pl}, (19)
Ape(B, — BB :ﬁ{v Vi as(iiun)y_y ® (gh)y_ud
fac\Pd \/§ ubV uqg®2 V-A V-AYqd
~ViVig {%Z(?]"Z’)V—A ® (qb)y_404q + a4(qd)y_s ® (db)y_s
q/
#0530 v on © (@400 = 200 B (@) . (20)
q/
Gy ]
Afac(BS - BB ) \/E Vubvuqa2<uu)V—A ® (qb)V—Aaqs
VinVig |:a3z<q/q/)V—A ® (gb)y_s045 + as(qs)y_, ® (5b)y_,
q/
#0530 )ven © (@100 = 206(@5)s:r ® ()2} (1)
q/
and
— D/ GF -
Afac(Bc — BB ) ﬁvcbvuqal(qu)V—A ® (Cb)V—A' (22)

By comparing these amplitudes with the topological amplitudes given in Appendix A, we have the following
correspondence between topological amplitudes and the factorization amplitudes:
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G
C?,B;_,B}‘;/ALB;ABB’ = \/gvubvudal(du) v_a ® (Ub)y_y,
A"t _ Oty via@ ch
CiB-—BB i B- BB _E Va1 (du)y_y ® (€b)y_y,
E Gr

Ci,gd_)Bf;/Ei,BPBB/ = ﬁvubvza'ch(ﬁu)V—A ® (‘_Jb)V—A7

G - _
Cfgq,,_»BB’PEi,Bqn—»BB’ = \/gvtbvtd[a4(dq Jvea ® (§"D)y_s — 2“6(dq//)s+1> ® (7"b)s_pl:

Gr
CE?—»BB’PAB;—rBE’ = \/Evtbvtd {%Z 7q)v-n ® (db)y_, + asz 74 )yia ® (db)y_, |, (23)
for AS = 0 transition, and
A / GF * - _
CiponbAippE = ﬁvubvusal(SI’OV—A Q (ib)y_a
A€ Ic GF -
Ci,BgeBE’Ai,B;_,BB/ - \/Evcbvusal (SM)V—A ® (Cb)V—A’
E 7 GF * _ _
Cip-sbLip By = ﬁvubvusGZ(uu)V—A ® (5b)y_4
PE' / Gr 7 < I —11
Ci,Bqu—»BB’PEtB SBB \/Evtbvts[a4(sq )V A ® ( b) - zaﬁ(sq )S+P ® (q b)S—P]’
/ G
Py == 5 VoV {%Z 7'q)v-s ® (3b)y_s + asz 79 )via ® (30)y_s (24)
for AS = —1 transition, where the constants ¢ are the Clebsch-Gordan coefficients accompanying with the topological

amplitudes in the corresponding B = BB’ decay amplitudes as shown in Appendix A and summations over i, if necessary,
are understood.
Using

(0/(gb)y_a|By) = ~ifp, Py (25)
and equations of motions, the matrix elements in the above equations can be evaluated as

(BB'|(qq")v4l0)(0(3"b)y_alBy) = =if 5, [(my — mg ) (BB'|(qq")s]0) F (my + mg)(BB'|(qq")|0))].

2
mg ,

(BB'[(34')5,p10)(01(3"b)s_p|By) = iquum<BB/|(flq/)s+P|O>- (26)
q

Hence the above factorization amplitudes can all be expressed in terms of the (BB'|(¢’)s p|0) matrix elements. For later
purposes, we define

o <BB|Zq’mq’(q/ql)S—P|O>
B (X ymy ) (BB (7'4)s_pl0)

(27)

In the large mp limit, there are asymptotic relations between the matrix elements of (BB'|(74’)s p|0), see Appendix B.
Consequently, the rgp defined in Eq. (27) reduces to

— mye + mge, + mges (28)
BB m, +mg+m,
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with e; some constants. The (e}, e, €3) and ryg for B —> DD and BB decays are given in Table II. Furthermore, in the large
my limit, the matrix elements (BB'|(g¢')g p|0) are related, giving the following asymptotic relations,

1) _ A (’) ) ) (e _ 4 _ 4, ()c _ 4N _ 4 (e
Alasp = Asp =App = Aoy =As Alss = Asp = Aps = App = Ak

0 _ g0 () 0 _ p0) 0 _pp) _pp) _ pr() _ pr0)
E\yew = Esp = Epp = Eppy = Epoaey PE g = PEgpy = PEpp = PEpy = PER

(29)

with
—if5, SEV Vi gar f (3 )a(pg)[(ma—my) = (mg + my)rs]o(py).
6.5
Afacz_ichig oV dalf(mB) (PB)[(’”d‘”%)—(md‘f‘mu)?/s]U(Pfy),

. G . _
Ep, = lde7%VuhVudazzmuf(m%,,)M(PB)VSU(PB’)v

By mp

2 2
PEp, = lfB,,\/- VisVia (mB//) (PB)[<Q4(md—mq")+2aenM)+<—a4(md+mq“)+2%w)7/5]U(PB’),

PAp, = VipViaf (mj,) (a3 — as)2(m, +my+my)rggit(py)rsv(pp). (30)

—if3d7g
and
/ . GF * 2 \r
AB; = _lfBuﬁvubvusalf(mBu)uQ?B) Kms _mu) - (ms +mu)75]v(l’]§’)’
G _
Ag; - %Vchvz‘valf(m%}()u(pB) [(m\ - mu) - (ms + mu)YS]v(pB’)’

__fB \/—
El =ifp, CEV 0 Visa2 5 )i :
B, lfBJ\/Z ub Y us42 muf(mB,.)u(PB)VSU(pB’)v

m%q// m%q/l
lfB ”\7 Vi Visf (mp ,,)”B(PB) 4(ms_mq”)+2a6m + —a4(ms+mq”)+2%mbqu” vs|v(PR )
PA%S :—istjinsz*s(% —as)f(mp )2(m, +mg+my)rggi(pg)ysv(py ). (31)

TABLE II. The coefficients (e;, e,, e3) and rgg for DD and BB final states.

BB (e1,es,e3) BB BB (e1,€, €3) BB
A+HHATF (1, 0, 0) 0.022 A+AT 12,1,0) 0.030
AOAD 1(1,2,0) 0.038 AA™ ©, 1, 0) 0.047
pas Ve L2.0.1) 0.325 350550 L) 0.333
T 1(0.2.1) 0.342 =050 1(1,0.2) 0.628
T 10,1,2) 0.637 QO (0, 0, 1) 0.932
PP 1(4,-1,0) 0.013 nii 1(-1.4,0) 0.055
TrET 3(4.0.-1) -0.282 050 1(2,2,-1) ~0.265
D Iadol 1(0,4,-1) -0.248 AA 0,0, 1) 0.932
2050 3(=1,0.4) 1.235 EE 1(0.-1.4) 1.226
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Note that the Clebsch-Gordan coefficients in Egs. (23) and
(24) canceled out in the above equations. Furthermore, AV,
E"), and PA") are proportional to light quark masses and
are vanishing in the chiral limit, while PE") are not
vanishing. The chiral limits of these topological amplitudes
are consistent with the findings in [22,23], except PEV),
which were not considered in [22,23].

Through SU(3) symmetry the matrix element
(Ap|5y,ul0) can be related to proton electromagnetic
(EM) form factors [48]. The timelike proton EM form
factors were fitted in Ref. [49] using data from Ref. [50].
By employing the fitted proton electromagnetic form
factors from Ref. [49] and by matching with the following
matrix element,

ApIsU0) = 3y ). (32

in the asymptotic limit, we obtain

_Lmy—m,

() = Gh(q?), (33)

3 mg —m,

where G, is the timelike magnetic form factor of proton.
The central values of the form factors f(g?) at various B
meson masses, by using the G},(¢?) in Ref. [49] and the
quark masses at u = 4.2 GeV (see the next section for
the quark masses used) are shown in Table III. Note that the
values of the form factors (except the one for B;) in the
table are of the same order to those obtained in a recent
work using MIT-bag model calculation [27].

C. Specifying topological amplitudes

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

T = T\0s s smass = Tvspass = Tipsaps = Top
PO = Pl = Pl = P = P
p I(EQV =P <11L)?WBB,2EWBB,3EWBB,4EWBB =P (I/J)EWBZ_)JEWBZ_)

= <12WDB.2EWDB =P g)WDb’ (34)

TABLE III.  Central values of the form factors f(g?) at various
B meson masses.

8, Flm) B, Flm)
B~ -0.0012 B —-0.0012
BY —-0.0011 B7 —0.0005

and those shown in Eq. (29). Note that the relations on
PE") E") AU and PA") in Eq. (29) are new.

The tree, penguin, and electroweak penguin amplitudes
are estimated to be [23]

G
70 = VubVZd(s>7%(Cl + ey (1=ys)v,

G _
PV = —thV;d(s) —~ [c3 + ¢4 +KyC5 +Koceyit (1 —75)v,

V2
EW = _Evtbvtd(s)ﬁ [cg + €10 + K107 + Ko 5]
X)(ﬁ/(l —}/5)97 (35)

where c; are the next-to-leading order Wilson coefficients.
The parameters k; are expected to be of O(1) and, for
simplicity, we assume k; = kK, = k. We will extract y and
from the latest data on B® — pp and B~ — Ap decay rates.
From the above equation we see that y and « are correlated.
In our numerical study we assume y and k to be real and
positive for simplicity. This assumption will be relaxed in
the uncertainty estimation by introducing a relative phase
between 7") and P") 4+ PEU) (recall that P and PE always
come together in this combination) and we will see that the
phase does not sizably affect the B = pp and B~ — Ap
rates.

Following Ref. 523] we apply the following corrections
to Tg/) , P,(-/), and Pl to the asymptotic relations, Eq. (34),
to account for the finite my effects, which are estimated to
be O(my/mg) with my the baryon mass, giving

T = (14 ANTO, PY = (14 )P0
Py = (14700, )Py, (36)
and
0 P L il < my /s, (37)

The above parameters ) can have phases and the r") for
i'u and &'y su terms are independent. Likewise, for penguin
exchange amplitudes, we use

PE/) = (1+ 1) )PEY (38)

to estimate the corrections to the asymptotic relations in
Eq. (29). Note that the amplitudes are proportional to the
form factor f(m%) in Table III and the above corrections
should include the uncertainty in the form factors. We

assign |r§2,,~| <0.5.

For annihilation, exchange and penguin annihilation-
amplitudes, the situation is more complicate. For example,
as shown in Fig. 2, an exchange diagram without chiral flip

cannot produce iv or iysv structure and hence cannot
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dr(sr) b
ur, ur,
qr qr
ar ar

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

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

A
AP = 1 0+ A5
? u i mb
c C c C A
A0 = 1+ D0+ 0270
c ’ mb
A
) — (UN20) (1 £2QCD
E" = (1+r.)Eg g +’1e.im—bT<’),
A
() — ) 0 (1 AQCp
PABB,DD =1+ "pa,i)PA[ggm + Npa - P, (39)

where terms with Agcp/m;, are estimations of nonfacto-

rization contributions. Since 7") and P") are nonfactoriz-
able, it is natural to use them in the above estimation. Note

that Tf;') is T") but with the Cabibbo—Kobayashi-Maskawa
(CKM) factor V,;, replaced by V. We assign |rg,)l.|, |r£’)l|,

Pl |7 | <05, and |, 7], )], and | < 1.
Numerically we take Agcp = 292 MeV [51]. Note that we
will separate penguin, penguin-exchange, and penguin-
annihilation amplitudes into u-penguin and c-penguin
contributions and their rs and #s will be varying separately.
Furthermore, all rs and 5s for #'u and i'ysu terms are
independent.

We are now ready to perform a numerical study using the
above equations and the amplitudes given in Appendix A.

> s

III. NUMERICAL RESULTS ON RATES
AND DIRECT CP ASYMMETRIES

Numerical results on rates and direct CP asymmetries
will be presented in this section. In our numerical study,
masses of mesons and baryons are taken from Ref. [9].
In addition, quark masses and decay constants are taken
from the central values given in Ref. [9], explicitly, we
use m, = 1.86 MeV, m,; = 4.02 MeV, m, = 79.98 MeV,
m, =42 GeV, at u=42GeV, [fp =190 MeV,
fp, =190 MeV, and fp = 230 MeV. For the B, decay
constant, we follow Ref. [52] and use fp =436 MeV.
CKM matrix elements are from the latest fit in Ref. [53].

A. Sizes of topological amplitudes

Using the recent data on the B — pp rate and the B~ —
Ap rate, the unknown parameters y and x in asymptotic
amplitudes, Eq. (35), are fitted to be'
¥ = (4501070) x 1073 GeV2, k= 14710%.  (40)
These values are similar to those given in Ref. [23],
where the values were y = (5.087(7) x 1073 GeV? and
K= 1.92f8:2§ . The value of y is reduced as the experimental
B — pp rate is reduced. While « is reduced as PE’ also
contributes to the B~ — Ap rate and hence reduces the
contribution from P’. Note that the « in the above equation is
closer to 1 and hence agrees better with our expectation.

As noted previously P) and PE") always come in
the combination of P") + PE"). Therefore it is T) and
PU) + PEU) that are determined from the data. It will be
useful to see their ratios. The penguin-tree (tree-penguin)
and penguin-exchange-penguin ratios for AS =0 (—1)
transitions are found to be

Py, + PEj T,
L P4 0264005, |——L——[=0.1970%,
TBd PB— +PE - )
(41)
and
/ 0]
S —oamty |0
Py + PEY - P + PE} -
d d
‘ PEY
By
— | = 0.30750; (42)
0 o ~0.04°
Py + PEy)

'As noted previously y and x are correlated. We find that
with  y = (4.495 + 0.354R cos A — 0.003R sin 1) x 10~% GeV
and k = 1.441 — 0.000R cos A + 0.573R sin 4, the experimental
rates B(B® — pp) = (1.274+0.14) x 1078 and B(B~ — Ap) =
(24739)x 1077 can be reproduced with 0 <R <1 and
0 <4 <2x. Note that R = 0 does not correspond to the exper-
imental central values of the decay rates.

036015-9



CHUN-KHIANG CHUA

PHYS. REV. D 106, 036015 (2022)

where the errors reflect the uncertainties in y and « and we
keep only the dominant contribution in PE"). Note that
the |[PE")|/|P") + PEU)| ratio is about 30%. It is interest-
ing that the PE") from factorization contribution is non-
negligible comparing to P'). This agrees with some early
studies, although they did not identify the contribution as
PEV) [2527].

We now discuss the sizes of annihilation, exchange, and
penguin-annihilation amplitudes with respect to the sizes of
penguin-exchange amplitudes in factorization amplitudes.
Using Eqgs. (30) and (31), we see that the ratio of
annihilation and penguin-exchange factorization ampli-
tudes for AS = 0O transition is given by

Ap-  VupViaaim, +my,
PEB— N thv;kd dg Zm%_

pwlma=m,) =y 4 m)ro(pw) s

u(pp)(1+rs)v(py)

where we keep only the dominant term in PE. Note that the
form factor f(g*) are canceled out in the ratio.
Furthermore, in the decay rate, the v and uysv terms in
the decay amplitude do not interfere. Hence it is legitimate
to consider their ratios separately, namely

(Ap-)s _ VupVigaimy +m,i(pg)[(mg —m,)|v(pg)
(PEg-)s ViVig ag 2my- u(pg)v(pg)
Vle;(d dg Zm%;_ ’
and
(Ap-)p oY Vigarmy +m,
(PEg-)p  VuVigas 2mp-
u(pB)[_(md + mu)YS}U(pB’)
a(pp)rsv(p)
o VubVZdﬂ(mb +mu)(md+mu). (45)

- * 2
th th dg sz—

It should be noted that the ratio of |(PEp )g| and [(PEp )|
are of order 1, as

|(PEg, )| my, — (mg + mg)?

= d =0.8~09, (46)
((PEg,)p| \| m3, — (mp —mp)?

q

for the modes we are considering in this work.

Similarly the ratios of exchange and penguin-exchange
amplitudes and penguin-annihilation and penguin-exchange
factorization amplitudes are

(Eg,)s —0 (Ez,)p _VipVigas (my+mg)m, (47)
(PEB,,)S ’ (PEB,,)P VinVia as m%d ’
and

(PAR)s _,

(PEg,)s

(PABA)PNaS_a3 (mb+md)(mu+md+ms>r _ (48)

= BB>

(PEg,)p  as m%d
with rgg defined in Eq. (28) and its value given in Table II.
For AS = —1 transition, we have the following expression
for ratios of topological factorization amplitudes,

(A/B‘)S ~ _ VubVZs ﬂ (mb + mu)(ms - mu)

(PER-)s VinVis as 2mi- ’

(A/B‘)P ~ VubVZs ﬂ (mb + mu)(ms + mu) (49)
(PE-)p  VuVis ag 2m- ’

(E;?S)S B (E;; )p Vi Visay (my +mg)m, (50)
(PEy)s  (PEy)p ViVias m}
and

(PA)s

(PEp)s

(PER)r s ",

Numerically we obtain the following ratios of sizes for
topological factorization amplitudes,

Ap- Ap-
(Ag)s ~0.0018, (Ag)p. ~0.0048,
(PEg-)s (PEg-)p
(EB,,)S —0 ‘ ( BJ)P ~ 0.0005
(PEBJ)S ’ (PE_d)P ’
PAj PAj
(PAg,)s| _ 0, ‘ (PA,)e| 0.0012|rgg|. (52)
(PEBd)s (PEB,,)P
or = 0 transition, an
for AS=0 iti d
Al Al
’ (;éj ); ~0.0031, ’(S_Eli)f’ ~ 0.0032,
B)s B)P
‘ Eh)s | _ 0 } Eo)e |, 2.4 %1073
(PER)sl — | PEp)S T ’
(PA) (PA%)
‘ f?“ § =0, ‘ f;“ P :00011|FB]_3|’ (53)
(PE}, )5 (PE} ),
for AS = —1 transition. These ratios are very small.
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TABLE 1IV. Baryons are grouped according to their detect-
ability. Some final states where baryons can decay with unsup-
pressed branching ratios are shown.

Baryons Final states

p, ATHOA BT, o 50 Q-

all charged particles
(AT A = prt;
E—7E*i,E*O_)p(ﬂ.+)n(ﬂ-—)",;
Q" - prK7)
involving 7°
(A+, >t pﬂo;
20320 - A%, B - An'z7)
>0 involving y
(= = Ap)
involving n
(A=, 27 - nx™)

A+, T, B 20 Z

n, A7, X~

As the B — BB’ decays are governed by annihilation
diagrams, it is useful to have some estimations on the
sizes of the annihilation factorization amplitudes. Using
Egs. (30) and (31), we have

B/;C)S.P pe(B.) m%c — (mg imﬁ/)szff(m%c) Ve
(A5 )s.p| _ Ve
na pe(By) \| mp —(mgEmy)? fp,f(mp )|V
B;)s.p
Npc(Bc) m%p_<mBimBI)2X109
_pc(Bu) m%iu_(mBimB’ '
~0(10), (54)

Hence, annihilation factorization amplitudes in B, decays
are greater than those in B;, decays by roughly one order of
magnitude. It should also be noted that although the
lifetimes of B, ;; are more or less similar, the lifetime
of B, is only about one third of their typical lifetime
providing a factor of 3 suppression in B, branching ratios.

As these factorization contributions suffer from severe
chiral suppression, the nonfactorizable contributions
become important and non-negligible.

B. Numerical results on rates

Predictions on B, — BB’ and By — BB’ decay rates
will given in this section. Before we present our result, it
will be useful to remind us the detection sensitivities of

TABLE V. Decay rates B P BB decays for AS = 0 and —1 transitions. See text for the sources of the uncertainties.
Occasionally the last uncertainties are shown to larger decimal place. The experimental B — pp and B~ — Ap rates
are inputs. The rank indicates the detectability of the mode, where more asterisks are more favorable.

Mode (rank) B(107%)

Mode (rank) B(107%)

- 5 +0.86 40 +2.81+1.06
B~ —np 3.392578 Z0.23-193-0.76
_ 05T 1042 40 +2.57 +1.07
B~ — %7 (%) 3.012555 20,18 2178 Z0.87
_ -0 +0.24 +0.00 +0.68 +0.12
B~ - xx0 0.57%% 257 2038 ~0.00
- -3 +0.18 +0.00 +0.31 +0.04
B™ - XA 0.43Z516 20 2021 ~0.00
- == +0.03 +0.00 +0.05 +0.01
B~ - EE 0.07Z503 20 Z0.03 —0.00
_ - +0.18 +0.00 +0.53 +0.04
B~ - AX 0.43Z516 207 2021 ~0.00
B0 = 401440 +1.85 +1.32
BY = pp(x* ) L277014 2005 2102 Z04
R0 = 108540  +5.23 +0.60
B” — nn 6.092050 2036 2362 ~0.57
B® - =050 0.00 + 0+ 0+ 070
20 = 10.03 +0.00 +0.04
l_? —-EE 0.06250; Lo oo £0.02
B° —» AA 0.00 £0 £ 0 0> 008
- 0~ +036 40 +0.71
B~ = X'p 0.82Z537 .05 Zg49 £ 0.01
- -5 +073 40 +1.10
B™ = Xn 1702565 Z0.00 —0i83 +0-02
e 1£16.97 +2.70 +26.22 +0.45
B~ — E'Z* (%) 40.327,555 25" 97 ~0.44
R 844 10 +12.93 +0.24
B~ — E7XY(xx) 19.802757 Z0.00 2070 ~0.23
- =R F1.03 40 +4.27 +0.07
B™ — E7A(x * *) 2415095 Z0.00 2214 ~0.06
- 5 £10.00 +2.69 +19.37 +0.31
Bo = Ap(x x %) 24.00% 60 5o 1365 030
- +0.07
B> pp 0.00 & 0 4 0 £097
BY = nn 0.00 £ 0+ 0705
0 . —0=0 1047 +4.27 +28.15 +2.08
B) — B2 (%) 26.38%950" 207" 11795 2200
50 . oo +1037 40 42695 +1.97
By — ETE"(x * %) 25.227535" Z0.04 21726 190

BY — A/_\(* * %) 16.08 1638 +2.60 +13.21 +1.73

579 -0 923 -1.64

B - PF(**) 1-26i8.'112 ir8.05 fllfg? +0

R S
BY — nA 2.95505 2020 1150 £0
5 —0 1.06 +0 5.63
Bg — Z0E’() 9771107 Z04a 233 £0
BV — > E" 1762065 05555 £0
B) - AZ" 0.11750 £059% £ 0
B0 o S+3F 0.00+ 04040702
D <0 0.19 +0 1.19 +0.63
BY — 20%0(x) 1.39%015 2008 Z052 2050
= <= 0.45 +0.00 .25 +0.09
B’ - x°% 1051035 20% *537 1008
B n 0.39 +0 1.88 +0.47
e LN R
B > AX° 020508 0,00 2010 ~0.00
BY — X p(+) 175508 10> Lgs £0
BO N 20,—1 1.01+0A35 +0.65 +0.73 +0

-032 -0 045
+7.83 +1.26 +12.15
18'68—7.06 -0 9.1 +0
+0.97 +0.84 +4.33
2'48—0.88 -0 =213 +0

B — 20%0(x)
BY — BEOA(xx)

B’ - B3 36.681 135 £0H595 10
B — An 23.001g31 T30 HI839 1
BoTT L8R gR sy
BY - 2059(x) L7406 0% o7 T2
B) - x5~ 166706 “000 0 104
BY - XA 0.0410:09 1005 1005 + 0,01
B - AY 0.04%550 %5 501 & 0.01
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various baryonic final states. In Table IV, we show some
final states of the baryons with unsuppressed branching
ratios. These final states affect the detectability of the
baryons. The detectability of the baryons in decreasing
order are final states with all charged states, final states
involving 7° or y and final states involving n [9,22].
Baryons are grouped accordingly in the table.

Predictions on branching ratios of B = BB decays with
inputs using B(B® — pp) and B(B~ — Ap) data are given
in Tables V=VII and VIII. There are four uncertainties, the
first one is from the uncertainties of y and « as shown in
Eq. (40), reflecting the experimental uncertainties in B —
pp and B~ — Ap rates; the second one is from varying the
penguin strong phase ¢, where we use a common strong
phase for P, ng and sz,\, for simplicity; the third one is
by relaxing the asymptotic relations by varying r;, 7,
Tewp.i» and r,, ; in Egs. (36) and (38); the last one is from
the uncertainties in subleading contributions from r,, ;, . ;,
Tpa,is Na,i> Ne.is and Mpa,i in Eq (39)

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

TABLE VI. Same as Table V, but for Bq — BD modes.

ranked ones, where 7°2°, 7%, or yy are needed for

detection.

As shown in Table V, B — pp and B~ — Ap decays are
modes ranked as * * x. They have large rates and very good
detectability. It is natural that they are the first two modes
observed. In fact, they are the only two modes being
detected so far. Note that the second uncertainties of the
rates of these two modes from varying the relative phase of
T and P") 4 PE") are comparably small.

There are other modes, such as BY — Z decay,
ranked as * * %, which are predicted to have sizable rates
and good detectability. The BY — pp rate from factoriza-
tion contribution is predicted to be very rare, being 10~ or
10710 of the B —» pp or B~ — Ap decay rate. The
smallness of the factorization contribution to this decay
rate can be understood using Egs. (42) and (53). The B, —
pp rate shown in Table V comes mainly from nonfactor-
izable contributions estimated using Eq. (39). Therefore,
once the B, — pp rate is measured, one can use it to give
valuable information on nonfactorizable contributions. We
will discuss the consequences of an enhanced B, — pp
decay rate saturating the present experimental bound in the
next section.

In Table IX, we show the predictions of B — BB’
branching ratios. The central values correspond to
decay rates from factorization contributions, which are

——
—
—

Mode (rank) B(1078) Mode (rank) B(107%)
== 0.61 40 +9.26 +0. 7 ST 0.18 40 +2.89
B™ = pAT (k%) 5.882061 L030 L4 ~0i67 BY — pZ* (x * %) 1.82%0710 2919 1151 0
SR E L b P T E L
o NTTe) 2708, B SE) 24583 1 0
B~ - 1720 0.1073:93 T0:00 009 +0.00 zfg - XET 0.20£0.05+0 02 +0
o= olsdie i Rosw 0amieonio
b=z o074t o 45 41 RoazT 030
Bopiies) 18, ke By 00040050
B o2 L BT 125 G 15 0
B0 — 20F*0 0.00£0+0 fg(% BY = >3 0.1 81—(()).'(())55 +0 1.00:11(? +0
B > EE- 0.14750% £ 075 0 B — AT 0142584 %500 208 “000
B~ — AT (xx) 15.681357 15 15%9° +0.09 BY - TTAT(x) 485 % L0 5 £0

B~ — T0A% (%) 10117380 559 2873 £ 0.07
B™ - Z_ﬁ 49171132 1000 1390 £0.04
B~ — B0 (x%) 3.924 1740 1580 £ 0.04

B~ —» =20

B xR 93734 40 Hlx0

B> T A” 13.647390 £ 055587 0

—8.08
BO N EOW(*) 1.82+0'49 +0  +1.79 +0

-0.48 -0.37 —1.18

B~ — AAT

B - pAT

BY = 1A

BY - Eoﬁ(**)

BY — EE (%x)

+0.53 +0  +1.72
2‘02—0.51 —0.00 —-1.19 +0.02

+0.01 +0.13 +0.04
O'IO—OAOI -0 -0.03 +0

0.00 £ 0 £ 0 1900

0.00 £ 0 £ 0 F900™
4003.'83 f(())477 fgg; +0.03
411555 05399 +0

BY — B T (x * %)
BY — AAD
BY — THEF ()
BY — 20%70(x)
BY - =¥
BY — AT

373008 40508 40
0092881 23 230 +0
5361135 1% 1357 £0.03
519713 1002 1592 £0.02
503713/ £01355 0
0.051001 10 1005 £0.01
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TABLE VII. Same as Table V, but for Bq — DB modes.

Mode (rank) B(1078) Mode (rank) B(107%)

BT A%plrrs) LGSR0 R B ATER() LSO M 0
B A7 0301513 5% 12 08 B a(e)  O9LR s 0
B TOTT)  06S N M B~ AT 027:413 £ 0238 %0
B x5 0,040 10 2083 £ 0.00 B — £E0(x) 2331030 s T4 0
B~ — &8 0.062003 0% 1003 T060 BY - xE 0.07£0.03 £ 01007 £0
B~ > A 0.12005 +000 +009 +0.01 BY — APA(x % x) 214205 2001 1085 £0
BY — A*p(x#) 1661018 10 1 1088 1025 B0 -tz 0.00£0+0+0505
B~ ' 6242508 01 3 0 B — 2% 0302582 5% 2317+ 0.04
B° - B 0=0 0.00 + 0+ 0+ 0755 B —» x%" 0.07:00% 01507 £0

B —» =& 0.0600% £01001 0 BY — TOA(xx) 1022941 2004 10 £ 0.13
B~ — T 0p(xx) 1015059 105, 7078 +0.02 B® — TPk %) 215103 10 £ 0
B~ x"h 2.09%050 “000 21> “002 B~ 2% 1245550 55 Tyge 0
B U ) LSAE N S 003 B~ 5% 071243 4 433 % 0
B~ = () 0.80703 "0y 7052 £ 0.01 B -2 E 148209 207093 .0
B~ — QB (%) 3.8551 97 T000 Ty £0.05 BY > Q7E (% * %) 3.55013 £0177, £0

B~ — B A(xx) 2531555 F000 153 £0.03 BY — EOA(x * %) 2.607 505 S0 £0
BY > ATp 0.00 £ 0+ 04010500 B9 — TFHET (xx) 2.061078 1067 H137 + 0.01
BY > A% 0.00 £ 04 0 4 0 7350 BY - =050(x) 1955077 1932 1037 £ 0.01
BY - Br0E0 () 192708 1021 1122 £0.01 B) - =37 1.867078 £01335 +0

BY — EE (%) 1517082 0% +0 BY - TA 0.0410%0 £505 1902 1 0.01

TABLE VIII.  Same as Table V, but for B, — DD modes.

Mode (rank) B(107%) Mode (rank) B(107%)
B o AET(e) | WIEENCTM R AET(e) 4SS0, L0
B~ — A%AT 5.917097 2035 3% 116 BY — A2 (xx) 2.77%0% To17 136 £ 0
B AN 0547038 100 1050 0 BoaT 0800708 40

_ *0N 0.38 +0 1.80 +0.63 5 *0—=%0 0.36 +0 1.74
B~ - X OE(**) 2762036 2016135 <055 1_9(5) -2 Oi(**) 2582033 Z015 1129 £0
P 0.52103% 190 1637 308 B X E () LO2E£07000 40
b2 2B ROLLE Moz 0T 0RD 0
B0 = AHFATT 0.00+£0 40+ 0102 BO - xTT 0.00 £ 000105
5 A+ 0.50 +0 243 +1.68 B +0%0 0.18 +0 0.84 +0.54
B — A+£+(*) 4.57%550 2017 Lot 14 ) B’ — 2EO(*) 1.281547 2008 Z0'63 ~0.14
1?0 - AOA_O(* * %) 5481075 2030 5350 100 B’ - 2*_2*_(1* %) 0.9610% “000 047 f013
B* » A"A” 23208 oo 115 1028 B - 5050 0.00 40 40+ 05
B" - Q Q" 0.00 £ 040+ 015 B —» BB 0.227008 1000 1010 L00e
B~ — T AT (4% %) 20.537803 169311338 + 0,15 B — AT (xx) 6.347 28 214 110 10
B — ZET(3) 1294735 1 1032 w0 B T()  IL99LE RO S 2o
B~ — = A0 (x % ) 6.1913:% *000 1300 Jo0n B* - A" 17215 % £05350 +0
B~ - B0 (xxx) 2399700 0 TG £0.23 BY — EOE0 () L1259 1% 1350 £0
B~ - E730(x) 114738 1000 T34y £0.14 BY — B I (%) 2125530 £ 01135 +0
B~ = QEV(x % %) 15.807804 700, 71920 £0.19 B’ - 9—57_— (%%) 14.647802 £ 00 +£0
BY — ATTATT 0.00 £0+0+ 01750 BY - Z T (kxx) 6745 NS
BY » ATAT 0.00£0+040*918 BY - 20T0(x) 6.39433 L0 1513 st
B~ AR 0.00£0+020°2] B D-T(n) 61228018, 00
B a5 0004000708 B mOET(eas) 2364 R EEN
BY - QO (5 + %) 46751192240 43103 1491 BY > 2E7 (%) 22.637559 S04 L1101 2335
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TABLE IX. BZ — BB’ decay rates. The central values corre-
spond to factorization contributions.

Mode (AS=0) B(10™°) Mode (AS =—1) B(10~)
B: — np 00009675 B = X5 0.00032X0)
B - 98T 0.0003055'  B: =X 0.00063100
B —» x50 0000305355 By - E0SF  0.0150512
B; » XA 00002275  p- =30 0007512
B-— =20 0.00004'27 B; - E"A  0.00091%)28
Br - ATT 0000227710 BZ > AP 0.00860°3E
B = pATT 00001733 p- L stATT  0.002650%8
B — nAt 000006733 Br - AT 0.001763032
By — 0% 0000037190 B - x-A0  0.00088702
B: - ¥x0 000003750 B - =T 0.00078:0%
B- — =20 000004733 - =-¥0  0.0003970
B> — AT 0.00008303  B: — AAT 0

B: — A% 0.00006* 330 Bz > Xp  0.0004573%3
B; > AR 000017533 BZ > X7 0.00090192]
B- — OFT 000003791 p- L =OFF 00007602
B —¥-30 00000319 B - E-30  0.000387
B; — =20 0.000047553 B — Q=0 0.001987538
B; - XA 0.0000875%  BZ > ETA  0.0011810%
B: — AYATT  0.000447338  p- oy ATT 0.007117°29
B: — AVAT 000059711 p- L $O0AT 00047473
By — A"A0  0.0004473383 g y+A0  0.00237:070
B: — 0T 0.00029°253%  p- — =0T 0.00903728
Br - Tx0 0000297252 p- L Ee-x0  0.0045170%2
By - =80 00001470921 p- L o-E0  0.006421}58

very rare, ranging from 10~'% to 107!, These modes are all

governed by annihilation amplitudes Ag};. Although, as
shown in Eq. (54), the factorizable Ag)c is about 10 times

larger than Ay

()

k)
u

the latter is very

c

small.

Hence,

it is natural to have By — BB’ rates from factorization
contributions be suppressed than a typical B~ — BB/
rate by several orders of magnitude. Nevertheless with
nonfactorization contributions, the B — BB’ branching
ratios can be enhanced to 107 or even 1078 level.
Measuring these modes can provide valuable informa-
tion on nonfactorization contributions to annihilation
amplitudes.

C. Numerical results on direct CP asymmetries

We show the predictions on direct CP violations in all
B, - BB’ modes in Tables X-XIII. Results are given
with ¢ =0, +x/4, and £x/2, where ¢ is the penguin
strong phase and we use a common strong phase for PV,

sz, and P](E/%V for simplicity. Uncertainties are obtained

by varying all other strong phases in Egs. (36), (38),
and (39).

Note that for AS = —1 transition, the amplitudes of
B’q — BB’ and its conjugated modes are given by

A= VubVZs|Au‘ei5u + Vcbvis |Ac|ei§[’

A=V VA, led + ViV . |Ale?. (55)
Since we have |V, Vii|/|V Vis| = 0.02, for
Ad _
<01), (56)
A,

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

Vub V?;s
Vcb Vf‘s

|Aul
A

| Al = 2‘ | sin(5, — &,.)| siny

A,
< X 3.7%.
A

(57)

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

Al
= O(1), (58)
A,|
and, consequently, from Eq. (57), we should have,
A
|A| < ||A“|| x3.7% ~O(1) x 3.7%, (59)
for direct CP violations of AS = —1 pure penguin modes.

In Table XIV we collect the predictions of direct CP
violation of these modes. We see that the sizes of the
predicted direct CP violations agree with the above
expectation.

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

In Table XVI, we give the predictions of direct CP
violation of B — BB’ decays. As the decays are from
annihilation diagrams, there is no any penguin contribution,
and the direct CP violations are all predicted to be
vanishing. These are also null tests of the SM.

036015-14



TWO-BODY BARYONIC B, ,, AND B, TO ...

PHYS. REV. D 106, 036015 (2022)

TABLE X. Direct CP asymmetries (A in %) for B, — BB modes for ¢ = 0, +x/4 and +x/2.

Mode $=0 ¢ =+n/4 ¢ ==+n/2 Mode $=0 ¢ =+n/d ¢ =+n/2
B-—np 0760 F(66.9'3) F(97.0532) B) > pst  0£530  F(37.0%5; F(53.1555¢0)
B~ -3zt 04661 F(57.11553) F(82.51473) BY — nx’ 0£289  £(309575)  +(43.31%%)
B~ — 2_2_10 0+ 100 +£(0.1275)) £(0.175)) By — ”A_ 0= 49.6 F(67.3557 F(97.613,)
B~ - YA 0+ 89.0 £(0.15889) +£(0.11382) B - x0=0  0£281 (435124 F(62.61357)
B 55  0+890 +£(0.15889) +£(0.11889) BY ¥ B 0+504 0+50.4 0+50.4
B~ — ATF 0+ 100 +(0.157550) +(0.15555) B~ AT 0£100 0+ 100 0+ 100
B> pp 0£100  F(36.1%,)  F(GL7:E,) B —zTfTf  0£296 0+29.6 0+29.6
B’ — ni 0£535  F(S7.1553)  F(825%03)  BO- 3030 OXT2l F(STALGY)  F(8251457)
B0 _, =050 0+97.8 0+97.8 0+97.8 BO»x¥  0+819 0+81.9 0+81.9
B"—»=2E  0+783 0+783 04782 B - x°A 0+274  F(36.173% T(51.7:379)
B" —» AA 0+ 100 0+ 100 0+ 100 B _ AXO 0+ 100 0.0 = 100.0 0.0 £ 100.0
B-—X0p  0£361  F(2371H3)  F(37814; B’ —>xtp  0£318  £(238755)  £(30.275%)
B~ - X 0+54 00+54 00+54 B® - =% 0£559  £(43.8%%))  £(51.3134)
B o057 0+7.0 +(4.9784) +£(6.8724) B 050 0437 +(4.973¢ +(6.813¢
B- 53  0£54 0.0+5.4 0.0+5.4 B EA  0+£476  +(23. nggg) £(30. 2*;‘29)
B~ > EA 0+24.7 +(0.07246) +£(0.01249) B > B3 0+23 0+23 0+23
B~ — Ap 0+113 +(8.2437) +(11.1754%) B > An 0139  £(16255H)  £(21.255)
B > pp 0+ 80.6 0+ 80.6 0+ 80.6 BY vzt 0£600  £(23.1030%)  £(2047313)
BY - nit 0+192 0+19.2 0+192 0 _, 5050 04334  £(11.8437) +(15.8735%)
BY - 5050 0+15.7 +(11.8732) +(15.872%9) B) - % 0+42 0+42 0+42
BY > =5 0+4.7 0+4.7 0+4.7 BY - =0A 0£96.6  +(7877213)  +(80.971%)
BY = AA 0£138  +(11.8%70) +(15.81479) B - AX0 0741  £(78.77%7)  £(80.9537))
TABLE XI. Same as Table X, but for Bq — BD modes.

Mode $=0 ¢ =+n/4 ¢ =+n/2 Mode $=0 ¢ =+n/4 ¢ =+xn/2
B~ - pA*T  OETIT F(495503)  F(13L53)  BY-prt 0ET23 F(515IEY) F(74215%)
B~ —nA* 0+538  +(458%2)  +£(63.713%3 B) -z  O£512  £(4831%3)  £(67.013%3)
B XET 0246 F(09F])  F@SE)  BowWE0 042 F(L4EY) @)
B o y30  0+885  £(0.1%3,) £O.1585) BT ET 0£656 0+ 65.6 04 65.6
B — 550 0+ 88.5 +£(0.17883) +£(0.15883) B> =Q-  0£656 0+65.6 0+65.6
B o AT 0+ 100 0.0 + 100.0 £(0.1599) B - AZD 0+ 100 0+ 100 0+ 100
B - pAT 0£776  F(4955303)  F(T13155]) B - =TT 0 0 0

B® — nA? 0£538  £(458721)  £(637'33) B0 x0z0 0246 F(2991F7)  F(427ED)
B0 _ =050 0 0 0 B> 3T  0+640 0+ 64.0 0+ 64.0
B > 5E- 0+64.0 0+ 64.0 0+64.0 B0 o A0 0+ 100 0.0 + 100.0 0.0 & 100.0
BroxAT 0268 (1SR =047 P oA 0247 (1SS 42047
B 3AT  0EIS1  x(78779)  £(107H5]) B AT 0127 x(7853)  £(10713)
i\ 0+53 0.0+5.3 0.0+£53 B > > A" 0+3.1 0+3.1 0+3.1
B ETT 0£204 (155D F@ED)  Pozz0 0£185S F(SSERY F31H])
B o 530 0+53 0.0+53 0.0£53 B' > =T  0£3.1 0+3.1 0+3.1
B~ — AAT 0+£587  £(78.713%3)  £(80.91)70 B> AN 0ES87 (78, 7503 £(80.951)
B~ A’ 0 0 0 BY - T 0+257 +(14.6128%) +(19.35779)
B) - nA 0 0 0 B) - x0x0  0+133 +(7.4453°) +(10.1415)
BY — =050 0£197  F(146139)  F(2221%3) B>z TF 0+£32 0+£32 0+£32
B o= E- 0432 0432 0£32 B ATT 0666 (BT £(E09%Y
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TABLE XII. Same as Table X, but for Bq — DB modes.

Mode $=0 ¢ =En/4 ¢ ==+n/2 Mode $=0 ¢ =En/4 ¢ =+£n/2
B™— A% 0£303  £(200515)  £(418755) By - ATIT  0£239  (37.05577)  F(53.113)
Bm—aAma  0£8.0 401550  #(015g5)  BY-AR0 0370 F(S815)  F(84.0%)
B~ -yt 0£303  £(29.97393) +(41.81752) BY —» A" 0+50.2 0£50.2 0+50.2
B~ —xx0  0£89.0 400550  #(01%g5) B xOE0 0140 F(2177535)  F(30.957))
B~ =20  0+89.0 +£(0.17889) +£(0.11389) BY 5 ¥-E-  0+£502 0+50.2 0+50.2
B~ — XA 0+89.0 +(0.17550) +(0.17550) _Bg? - A%A 0+22 TF(4.27%) T(6.079)
B° = A*p 0£274  F(3615333)  F(51753) B -z+zt 0 0 0

B’ — A% 0147 FQLINIY)  FOOUN)  BO—xox0  0£303  £(2007359)  £(41.87557)
B0 _, 2050 0 0 0 B' > z+~¥~ 04488 0488 0+48.8
BY > =E-E 01488 04488 044838 B — x*0A 0+£274  F(36.1:28)  F(51.7:29)
B —-xfp  0£232 (23775  F(378%%3)  B-X7p 0171 4(238735)  £(30.2%[)
B~ - X0 0+54 00+54 00+54 B® - % 0£313  £(43817]9)  £(51.317%3)
B =0T 0£232  R(37H5)  FOTSHY B om0 0206 F(237H])  F(7850)
B~ — =30 0+54 0.0 £54 0.0 £ 5.4 BY - =% 0+23 0+23 0+23
B — Q=0 0+54 0.0 £ 5.4 0.0 £ 5.4 B> Q& 0+23 0+23 0+23
B~ — E*A 0+54 00+54 00+54 BY — =0A 0+17.1 +(23.8115%) +(30.247
By~ A'p 0 0 0 By 3T 0£197 (3019 £(29459)
By — AR 0 0 0 B x050 01001 £(1L8HY)  +(158%13)
B — 5050 04335 +(42.7°51 +(50.17787) BY - %~ 0+23 0+23 0423
B)—=-E  0+£23 0+23 0+23 B 5 =OA  0x544  +(7877209)  £(80.91169)
TABLE XIII. Same as Table X, but for Bq — DD modes.

Mode $=0 ¢ =*£r/4 ¢ ==+n/2 Mode $=0 ¢ =En/4 ¢ =*£n/2
B ATATT  0£274  F(3613]9)  F(GITEY) B ATT 0£239 (37031 F(5310HY)
B~ — A°AY 05483 3(57.1575)  F(8255:3) B aAz0  O0£370 (581155 F(84.055)
B~ — AN 0£89.0  +(0.1789) +(0.17857 B)»AT"  0+502 0+50.2 0450.2
B~ - x0Tt 0483 F(STALY)  F(B25503) B -z0E0  0£370  x(S8IMEY) (84055
B — T30 0£89.0  +(0.1759) +£(0.17889 BY » ¥E=  0+£502 0+£50.2 0+50.2
B - Z=0 0£89.0  +(0.1789) +£(0.1:889 BY > =-Q-  0+£502 0+50.2 0+50.2
BO o ATHATT  0+£396 0+39.6 0+39.6 B0 sy 04593 0+593 0+593
B AYAT  0F404 3(613) TGI8 B oxomd 0605 (513 F(s2517)
BY — AOAD 0+480  x(57.173%))  F(82.5%73 B' > z=¥~  0+63.8 0+63.8 0+63.8
B - A-A- 04588 0+58.8 0+58.8 B0 =0m0  0£97.7 0+97.7 0+97.7
B> QQ 0+638 0+63.8 0+638 B > =-E-  0£78.1 0+78.1 0+782
B~ - TATE 042200 £(2387%7)  £(30215%) B0 xAt 0170 +(2385155)  £(30.25))
B~ - z0A" 0£11.8  +(122753%)  £(16.3%53%) B0 — x0A0 0£87  £(1228%Y)  £(16374%%)
B~ — T A0 0+54 0.0+£54 0.0+£54 BY > oA~ 0+23 0+23 0+23
B~ — B0%+F 0+11.8  £(122703%)  £(16373Y7)  BO _ =050 0+38.7 +(12270%%)  £(16.31198)
B & m-30 0+54 0.0+54 0.0+54 B' > =-T—  0+£23 0+23 0+23
B~ — Q-0 0+54 0.0+54 0.0+54 B> QE-  0+23 0+23 0+23
BO o ATATT 04480  0+480 0£480 B0 woyT 0316 £(23.1739)  £(2041319)
B — ATAT 0+34.1 +(07349) 0+34.1 BY - xoz0  0£167  £(1185%)  £(15.8754%)
BY = AOAD 0+£19.2 +(0715) 0£19.2 B - xT  0+42 0+42 0+42
BY > A-A- 0437 0437 0437 B - =00 0123 £(11.875°%)  £(15.8%3)
B' > QQ 0+29 0+29 0+29 B > =E-E-  0£32 0+32 0+32
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TABLE XIV. Direct CP asymmetries (A in %) of AS = —1
pure penguin modes. These are robust predictions of the SM.

Mode A(%) Mode A(%)

B’ —» E° % 0423 BY - =% 0+4.2
BY - 5= 047

B > =A™ 0+3.1 B’ - 5T 0+3.1
BY - =¥ 0+32 BY) - B E* 0+32
B - B X~ 0+23 B’ - Q& 0+23
B} - X% 0+23 B »=-E 0+23
B —» =A™ 0+23 BY — x5 0+42
B’ —» B% 0+23 BY - A~A™ 0+3.7
B’ - Q" E— 0+23 BY - Q Q" 0+29

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

Mode A Mode A
BY - ¥yt 0 BY - =0=+0 0
BY - pAT 0 BY - nA® 0
B — Tty 0 B® — 27020 0
BY > A"p 0 BY - A% 0
TABLE XVI. B, — BB’ direct CP violations. These vanishing
A(BZ — BB’) are null tests of the standard model.

Mode (AS = 0) A Mode (AS = -1) A
B — np 0 B; - 2% 0
B(— — ZOF 0 Bc_ - XN 0
B; - X0 0 B — E0%F 0
B; - XA 0 B, — =30 0
B: —> AS" 0 B: = Ap 0
BZ — pA*TT 0 B - TTATT 0
B, — nA+ 0 B; — NS 0
B; — X0 0 By —» X A0 0
B: - =30 0 Br — 205+ 0
B —» 550 0 By > 530 0
BZ = AZF 0

B; = A% 0 B: - 20p 0
B; > A™n 0 B, - X n 0
B, — 0%+ 0 B; — =05+ 0
B; —» =30 0 B; —» =30 0
B; - &80 0 B; - Q&0 0
B —» A 0 By - E*A 0
B: — ATATT 0 Br — SHPATT 0
B: — A°AT 0 B: — SOAT 0
By — A~A° 0 B — £A° 0
By — IO+ 0 B; — B0zt 0
B; —» 30 0 By » 530 0
B; —» 550 0 B —» Q=0 0

IV. DISCUSSIONS AND CONCLUSION

In Table XVII we compare our results on some of the
Buas — BB’ decay rates to data and other theoretical
predictions. It is encouraging that using B — pp and
B~ — Ap rates as inputs, our results satisfy all existing
experimental bounds. This by itself is a nontrivial test. From
the table we see that in the B~ decay modes, our results

agree with those in Refs. [10,27], except the B~ — pA™+
rate, where the prediction of Ref. [10] is much larger than
ours and exceeds the experimental bound [4] by one order of
magnitude, while the agreement with Ref. [27] on B — pp
rate rests on the fact that we all use the measured rate as an
input. For the B? decays, again the agreement with Ref. [27]
on B~ — Ap rate is simply reflecting that we are using the
same data as input. The predictions on B~ — AA rate from
Ref. [27] and ours are of the same order. On the other hand,
our results on the BY decays differ from those in Ref. [10],

except for the B - AT decay. For the B? decays, our
prediction on B — pp rate is below the present exper-

imental bound [6]. Our predictions on BY — 2020 and
BY — ZE" rates are below those from Ref. [27] by roughly
one order of magnitude.

Note that the experimental limits on B~ — >0p, AF,
A%p, pA+T, B —» T+ p, and B — AA® were reported in
2007 [3,4], while those on B® — A°A0 and ATTATH were

reported in 1989 [8]. It will be interesting to see the updated
results on these modes. In particular, as one can see from

Table XVII, the experimental upper limit on B~ — pA*+
rate reported in Ref. [4] is only a factor of two larger than
our predicted rate. It will be interesting to see the updated
search on this mode.

From Eq. (A7), we see that the amplitude of BY — pp

decay is given by, A(B— pp)=—5E| .z +E)y:~

3PA’.-. The enhancement in BY — pp decay rate can be
H ! /A !/
achieved through the enhancemen_t of E BB’ EZBB’ or PA B
For illustration, we assume B(BY — pp) = 0.44 x 1078
saturating the present experimental bound [6] through the
enhancement in these topological amplitudes. Note that
E\pg, Eypp, or PAgg will also be enlarged as they are
related to EllBB’ EIZBB’ an_d PA’BB, respectively, through
CKM factors. To fit the B — pp rate, we enhance the
nonfactorization contributions by adjusting the values of

ng?,, r]g?z, and 11512\ separately, see Eq. (39). In enhancing

E' oo Bz O PAL, | = 37.9,
or |n§%| = 3.2, respectively. It seems that enhancing PA’ is
the most effective choice.

Given that decay rates of other modes may be affected by
the enhancement, we show in Table X VIII branching ratios
of Bq - BS dpcays with EIIBB’ E%B or PAE% enlarged.
The uncertainties in rates are from the strong phases of
these topological amplitudes. Note that in AS =0

we need |;1g),| =17.6,
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TABLE XVII. Comparisons of data and theoretical results on the branching ratios (in the unit of 10~%) of some
B4 — BB’ decays.

Mode Expt This work Ref. [27] Ref. [10]
B~ A 241 (1] 20N GO BTG HEy 2
B~ <47 [3] 1015948 195, 1078 +0.02

B~ — AAT <82 [3] 0.10%501 o S5 £ 0

B a% <138 14 LS Rl 0o 032 0

B~ — pA™Tt <14 4] 5.88%061 L030 45 J0i07 140
B~ - TtATY 15.681 357 7077 1%0° £0.09 20
B~ — TA° 491713210 0 ey £0.04 8.7
1_90 — pp 1.27 £0.13 £ 0.05 x 0.03 [6] L2750 10 s i 1.2+03 11
B~ <2 (3 21505 07 1% 0

B - pAT.Ap <160 [7] 348553 1015 a0 Lot

B’ — pA” 1822019 Y000 1757 Y031 43
B’ — AA? <93 3] 0.095551 612 2503 £ 0

B’ - AA <32 [2] 0.00 £ 0+ 052 1508 0.4 0
B’ — A°A <15%10° (8] 5481075 103 558 Tio0

BY — ATTATT <L.1x10* [8] 0.00 040+ 002

[N A85E 20 5 £ 0 63
BY = pp <0.44 [6] 0.00 =000 <0.01

By - 52" 263810057 4T IR 193427

BY - ETE” 25231102740 42094 4 000 194 £27

transition, the B~ — BB’ and B — BB’ decays are unaf-
fected, while in AS = —1 transition, the B~ — BB’ and
B® — BB’ decays are unaffected as well. In particular, the
B~ — Ap decay is not affected as it does not have
exchange and penguin-annihilation diagrams. Our finding

are as following. (i) By enlarging £ U or EV . we see that

> 1BB 28BB°
the B — pp rate is enlarged, but B — pp rate is also
enlarged and is in tension with data. (ii) By enlarging

PA%, BY — pp rate is enlarged, while the B — pp rate

agree with data, and BY — 2°2°, E-E-, and BY — AA
rates are slightly enlarged. It seems that enlarging PA’ is a
possible way to enhance B, — pp rate without having
significant impacts on other modes.

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

In this work, we study the rates and direct CP violations
of B, , — BB’ and B; - BB’ decays. We incorporate
topological amplitude formalism and the factorization
approach. Asymptotic relations at large m,; are used to
simplify decay amplitudes. Using the most up-to-date data
on B — pp and B~ — Ap decay rates as inputs, rates and
direct CP violations of BMJ — BB’ decays are revised
and predicted. It is interesting that our results satisfy all
existing experimental bounds and some predicted rates are
close to the bounds. In particular, the experimental limit on

B~ — pA™T rate reported in Ref. [4] is only a factor of two
larger than our predicted rate. It will be interesting to see the
updated search on this decay mode. Factorization diagrams
contribute to penguin-exchange, exchange, annihilation
and penguin-annihilation amplitudes. Although the result-
ing penguin-exchange amplitudes are sizable, the factori-
zation contributions to exchange, annihilation, and
penguin-annihilation amplitudes suffer from chiral sup-
pression. Therefore the nonfactorizable contributions on
these topological amplitudes are important and cannot be
ignored. The factorizable contributions to B; — pp rate is
predicted to be several orders of magnitudes below the
present bound, but it can be enhanced by including non-
factorizable contributions, as it is governed by exchange
and penguin-annihilation diagrams. The case where the rate
can be enhanced through the enhancement on exchange or
penguin annihilation amplitudes is discussed. We find that

by enlarging E". or EV we see that the B® — pp rate is

1BB 2BB’
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TABLE XVIIL  Branching ratios (in unit of 10-8) of B, — BB decays with E')

E(') or PA(')

VBB’ e enlarged. For illustration we assume

1BB’

B(BY - pp) = 0.44 x 1078 saturating the present experimental bound [6]. Note that values in parentheses are rates that are unaffected
by the enlargements and we only show the central values of these modes, see Table V for detail numbers.

B(107%) B(107%)
() ) () ") () 1)

Mode E\sp Eysp PAgR Mode E\pp Eypp PAgg
B~ = np (3.4) (3.4) (3.4) BY = p=F (1.3) (1.3) (1.3)
B~ — X5+ 3.0) 3.0) (3.0) BY - nx0 (0.6) (0.6) (0.6)
B o 30 (0.6) (0.6) (0.6) BY - nA (2.9) (2.9) (2.9)
B~ - XA 0.4) (0.4) (0.4) B — 0E0 9.8) 9.8) 9.8)
B — 520 (0.1) (0.1) (0.1) B > ¥ E- (1.8) (1.8) (1.8)
B~ — AY" 0.4) 0.4) 0.4) BY — A0 0.1) 0.1) 0.1)
B > pp 3.210%3 15.5700, 12703 B - x+3+ 7.4+0.0 7.4+0.0 0.02799!
B’ > nii 6.1) 1754 64107 BY - x50 61729 04537 16202
B0 - 5050 (0.0) 7.0£0.0 0.02590 B - x°¥ (1.0) (1.0) 13700
B = E (0.06) (0.06) 0017014 BY - 2°A 13437 13437 (3.5)
B = AA 02+0.0 53+0.0 0.02:060 B = A0 0.8+0 0.810% 0.2)
B~ —xp (0.8) (0.8) (0.8) B> 3p (1.7) (1.7) (1.7)
B~ — X i (1.7) (1.7) (1.7) BY - X% (1.0) (1.0) (1.0)
B — =0%F (40.3) (40.3) (40.3) B0 _, 2050 (18.7) (18.7) (18.7)
B — 530 (19.8) (19.8) (19.8) B® - 2°A 2.5) (2.5) (2.5)
B~ —>EA (2.4) (2.4) (2.4) B 5 =% (36.7) (36.7) (36.7)
B~ — Ap (24.0) (24.0) (24.0) B > Afi (23.0) (23.0) (23.0)
B = pp 0.44 +0.00 0.44 +0.00 0.44 4 0.00 BY — =+¥F 2.7109 18550 0.5133
BY = nn (0.0) 0.440.0 0.4+0.0 BY - 050 2.1490 1.6:08 05433
B — 5050 (26.4) 29.0792 331700 B - 33 (1.7) (1.7) 0453
B - BB~ (25.2) (25.2) 31.87%, BY — 20A 0.1379% 0.1379% (0.04)
BY — AA 15.870¢ 17.9799 21610, BY — AX0 0.0155% 0.017530 (0.04)
also enlarged and is in tension with data. On the other hand, ACKNOWLEDGMENTS

)
BB’

with data, while B — 2°2°, 2-Z~, and BY — AA rates are
slightly enlarged. The measurement of BY — pp rate can
clarify the role of these topological amplitudes and provide
valuable information on nonfactorization contributions.
The B, — BB’ decays are annihilation modes. Their rates
from factorization calculation are found to be very rare but
can be enlarged to 10~ or even 108 via nonfactorizable
contributions. Small direct CP violations of pure penguin
modes in AS = —1 Bu’d’s — BB’ decays (see Table XIV)
are robust predictions of the SM, while vanishing direct CP
violations of exchange modes in B, s, — BB’ decays (see
Table XV) and in all B; - BB’ decay modes (see
Table XVI) are null tests of the SM. They can be used
to test the SM in rare B, ;; . decays in the baryonic sector.

by enlarging PA,.., we see that the B® — pp rate agree

This work is supported in part by the Ministry of Science
and Technology of R.O.C. under Grant No. MOST-110-
2112-M-033-003.

APPENDIX A: TOPOLOGICAL AMPLITUDES
OF TWO-BODY CHARMLESS
BARYONIC B DECAYS

We collect all B, ;. — BB, BD, DB, and DD decay
amplitudes using Egs. (6), (7), (8), (9), (12), (13), (14), and
(15), in this appendix.

1. B to octet-antioctet baryonic decays

The full B, . — BB decay amplitudes for AS =0
processes are given by
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_ _ 2
A(B™ = np) = =T g — 5P 35 — SPE g5 + g(wars‘B — Pypwpg + Papwss) — SA188

_ — 1 1
A(B~ — XO5%) = V2T g5 + 75(51316[3 — Pypp) + 7—(5PE133 — PE,pg)

1
+—=(P g+ P g+ 2P g— 2P 8) +——=(5A 55 — Aig).
3 \/5( |EWBB 2EWBB 3EWBB 4EWEB) \/5( 188 ~ AopB)
1

—— (54,35 — Aypp)-
\/i( 1BB ZBB)

_ 1

AB~ > S A)=——
V6

— 1
AB~ - 27X = —7—(5P168 — Pypp) — %(SPEIBB — PEysp) — WE(PIEWBB + Popwss — 4P3pwss — 2Pspwss)
1

BN (5A55 + Assp)

1
(5P\pg + Papp) — 7 (SPE\gg + PE»pg) — e (P1gwss — Papwss — 4P3pwss — 2Papwss)
R I
A(B™ > ETE") = —Pypg — PEygg + 3 Popwpp — Aopps

- 1 1
A(B™ — AXT) = _\/:(TlBB —Tspp) = %(5})133 + Papp) — %(SPEIBB + PE,s5)

1
+—— (5P, iz + Popwni — 4Pspwpi + 2Papwsp) —
3\/6( 1EWBB 2EWBB 3EWBB 4EWBB)

76(5141138 + Aopp)s (A1)
i i 2
A(B® - pp) = =Ty + 2T 455 + Py + PEysp + §P2EWBZ_3 —5E g + Eypg — 3PApg.
A(B® = nit) = —(Tpg + Typ) — (5P 55 — Papg) — (SPE 55 — PEypg)
L2
3

(Pyewss + Paewss — Piewss — 2Papwss) + Eapp — 3PAggs
A(B® = =tX%) = —5E, 55 + Eypp — 3PAgg.

= 1
A(B® - 29%%) = —Typp — =

2

1
(5Pypp — Papg) — 5 (SPE 35 — PEypg) — 5 (Pewsg + Parwss + 2P3ewss — 2Parwss)
~ 5 (5E\5p — Expp) — 3PAgp
A(EO - ZOI_\) =

7 (Tspg + 2T4p5) + 3 (5Pypp + Pagg) + ==
1

SPE, g + PE,gp
2\/5( 1BB ZBB)
1
+ ——= (P zwss — Parwss + 2P3ewss + 10Pagwss) — —= (SE1s5 + Eagg)s
6\/§( 1EWBB 2EWBB 3EWBB 4EWBE) \/—( 188 ZBB)

— 1
A(B" = X7X7) = —(5P,p5 — Papp) — (SPE g5 — PEyg5) — 3 (Prewsg + Parwss — 4P3ewsk — 2Papwss) — 3PAgs.
A(BO — =0

[1]

0) = Eyp5 — 3PAgg,

A(BY - E-

(1]

_ 1

) = Pypp + PEypp — §P2EWBB — 3PApg.
_ — 1

A(B® - AYY) =

1
Ve (T — Tsp) + =

5P sz + Prpi) + ——=(5PE, s + PE, 57
2\/5( 188 + PasB) 2\/5( 18B 288)
1 1
- ﬁ (5P gwps + Paewss — 2Psewss + 2Piewss) — ﬁ (SE g5 + Eypp)s
_ 5
A(B” = AA) = =2 (T\g + 2Tap5 — Tap — 2T4p) — = (Pisg — Pass) — = (PE 155 — PEapp)
18

5
(5P1gwss + TPapwss — 2P3gwss — 10Pspwis) — - (Eips — Eapp) — 3PAgg,

(A2)
036015-20
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_ — 2
A(B) —» pX") = Typ5 — 2T 5 — Py — PEap — §P2EWBB’

_ — 1 1 1 V2
A(B? - nZ®) = ———To55 + —=Pop + —=PE,5 + —— (Pypwii — 3Pirwsi)»
( K ) \/E 2BB \/i 2BB \/§ 2BB 3 ( 2EWBB 4EWBB)
_ - 1 1 1
A(B? - nA) = —= (2T 5 + Top5) + —= (10P, 35 — P-p) + —= (10PE, 55 — PE, 57,
( K ) \/6 ( 185 QBB) \/6 ( 185 ZBB) \/6 ( 188 ZBB)
1 2

- g §<2P1EWBB + P2EWBB - 2P3EWBB - P4EWBZ_3)’

_ — 5 5 1
A(BY - %) = V2(Tsu5 + Tupg) + —=Pigs + —=PEigs + —= (P1rwss + 2Pspwes + 4Pacwss):
( s ) ( 3BB 486) \/i 188 \/z 188 3\/5( 1EWBB 3EWBB 4EWBB)
D —_—— 1
A(B} - £7E7) = —5P 33 — SPE 5 + 3 (—=P1ewss + 4P3pwps + 2Pspwss)-
A(B) — AE®) = —\E(T 5+ T — T — Tas) — —= 5Py — 2Poss) — —= (SPE, g5 — 2PEgg)
K 3 1 2 3 4 \/6 1 2 \/6 1 2

1
+ —— (5P, pwii + 4Paswss — 2Pspwii — APapwsg)- A3
3\/6( IEWBB 2EWBB 3EWBB 4EWBB) ( )

and

= c - S+ 1 c c
A(B; = np) = —SA zp A(B; - ZZ) = 7§(SA163 _AZBB)’
_ 1 _ 1
— —50\ __ c c — — — c c
A(Bc b d 2 2 ) = _\/_E(SAIBB —AZBB>, A(Bc d Z A) = _%(SAIBB +AZBB)’
—_——0 ¢ - S+ 1 c c
A(B; = EE") = —Afys  A(BD » AYT) = _\/_E(SA‘BB +AYss): (A4)
while those for AS =1 transitions are given by
A(B‘—)ZO‘)——L(T’ —2T! )—LP' L +L(3P/ + P )—LA'
pP)= \/5 18B 3BB \/5 2BB \/5 2BB 3 \/5 1EWBB 2EWBB \/5 2BB’
_ __ 1
A(B™ = X77) = —Pypg = PE)gg + §P/2EWBB ~ A
_ 2
— =0 _ _ _ - _ —
A(B™ = BE'XY) = =T\ = 5P\ = SPE\ g + 5 (P oy — Papwes + Pagwis) — A1
— 5 5 1 5
- =—30) _ Y _ - _ _ _
AB™ = EYY) = \/'Z‘P/IBB \/EPE;BB 3\/'2‘(P/15ws8 4P s ~ 2Pipwss) \/'Z‘A/IBB’
- 1 1 1
AB™ = E7A) = == P15 = 2Pysp) = 72 OPE 55 = 2PEysg) = 372 (Prwiss
1
+2P /2EWBB —4p ;EWBB - 2P gEWBB) - % (SAQBB - 2A/ZBB)’
B _ 1 1 1
A(B™ — Ap) = NG (T' 35 + 2T 35) + %(IOPQBB — Plyp) + %(IOPEQBB — PE)zz)
1 1
- 3v6 (P/IEWBB - PIZEWBB - 4P§EWBB + 4P;EWBB) + 76 (IOA/IBB - A/ZBB)’ (AS)
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_ 2
0 oY
A(B? = 27p) = Thpg = 2T s = Prysy = PE) — §P/25WBB’
- 1 1 1
0, w07y — _ _ _ _ -
A(BY = X%) = \/E(TIIBB + Typp = 2Tp5 = 2T ) + \/§P/258 T \/QPE;BB
1
+ 32 (3P/1EWBZ_5’ + 2P/2EWBB>’
_ < 1 5 5 V2
0 _, =050y _ D o _Vve _
= - ,18[’5‘ + PllBB T PE,lBB <P,1EWBB P/3EW[>’B + PZlEWBB)’
AR = 2%) = =T+ > ;
- — 1 1 1
0 =0 — _ _ _ —
A(B” = E°A) = \/E(T/wis + 2T 5p) \/E(SPIIBB 2P)g5) \/E(SPE/IBB 2PE)gg)
+1 %(P’ + 2P, - P! - 5P )
3 \/ 3\ 1EWBB 2EWBB 3EWBB 4EWBB/’
- — 1
0 ==\ — _ _ —_ — —
A(B” = BY7) = =5P) 55 = SPE| g 3 (Plewss ~ 4Pspwes — 2Pipwss):
_ 1
0 o
A(B” = An) = NG |:(T/1[5‘B + Topp + 2T55 + 2T, gg) + (10P| g = Pogp) + (10PE} i = PE) )
1
3 (P vewss T 2Paewss ~ 4Ppwss ~ 8P ipwss) |- (A6)
A(BY = pp) = =5E| 5 + Ejy = 3PAY,
B0 _, )
A(B{ — nit) = E,z — 3PA 5,
_ — 2
0 _
A(By = XV37) = =T + 2T g + Py + PEog + 5 Pypyp = SE g + By = 3PAgp.
- — 1 1 1
0 _, v030) _
A(By = X°X7) = =5 (T = 2T)gp) + Py + PEos + ¢ Papwig = 5 (OF 55 ~ Eypp) = 3PAs.
- - 1 1 1
0 _, vOR) — _
A(By - Z°A) = r@ (2T/13[3' + leBB - 4T/338 - 2T:;BB> - 273 (2P/1EWBB + P/ZEWBB) - 2\/3 <5E/13i3 + ElzBB)’
- - 1
0, v-5=) _
A(BJ = X727) = Plgg + PEygg = 2 Pypygs = 3PAyp:
RO _, m0=0) — _ _ _ — - —
A(Bg = E'E) = T\ g5 = Tysp = (5P 55 = Pygp) = SPE| g = PE) )
2
+ 3 (Plewss T Pagwss ~ Pyewss — 2Pipwes) + Eags = 3PAgs:
_ — 1
0 =R = — - - - -3
A(By = E7E7) = ~(5P) 55 = Pygp) = OPE|sg = PEygp) = 5 (Pl pyss + Papwes
— 4P pwss ~ 2P pywss) — 3PARs
- — 1 1 1
ABY - AX?) = —— (T . + 2T .2) + —= (=P, .+ 4P ) ———=(5E .+ E. ),
(B; ) 2\/5( 288 158) 2\/5( 2EWBE 4EwEB) 2\/§( 155+ Epp)
_ - 1 1 1
0 _
A(By = AA) = 6 (2T g5 + T + 4T 55 + 2T 55) = 3 (10P' g5 = Plpsp) = 3 (10PE' 3 = PE) )
1 5
+ 15 CPiewss T Papwss ~ 8F3pwss ~ 4Pizwes) ~ ¢ (Eiss — Eass) — 3PAps (A7)

and
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A(B; - %) = —\%A’;BB, A(B; = 377) = —Alyz.
A(B; - B'SF) = —5A’ICBB, A(B; - EX0) = —%A’ICBB,
A(B; » EA) = f (SA'.—24%-).,  A(BD - Ap) = % (10A%; =A%),

(A8)

2. B to octet-antidecuplet baryonic decays
The full B, ;. — BD decay amplitudes for AS = 0 processes are given by

A(B™ — pA™TT) = \/6(T16D 2Tpp) + \/_PBD + \/_PEBD + 2\/;PIEWBD + \/_ABD7
A(B~ = nAT) =

2V2
—V2T 3p + V2Pgp + V2PEgp + ——

3 (Pygwsp — 3Papwsp) + V2Agp.
1
= —2T,3p — Ppp — PEgp + 3 (P1ewsd — 6P2pwid) — Apd

—Ppp — PEgp +§P15W51‘) App,

A(B™ - 20%)

A(B~ - 3750) =

A(B™ - &~

2
*0) - _\/EPB{) - \/EPEB{) + —\g_PlEWBZ_) - \/EABT_)’
- 2
A(B~ = A7) =

1
7 (Ty8p — Tapp) — V3Psp — V3PEgp

/3 (P1gwsp = 2P2pwip) — \/_ABD’ (A9)
=0 — V2
A(B® - pAT) = —V2(T gp — 2T1pp) + V2Pgp + V2PEgp +

TPU:"WBD - \/EEBZ')’
A(B® - nAl) =

22
V2T \gp + V2Pgp + V2PEgp + —— v2
AR = THT)

3 (PlEWBD - 3P2EWBD) - \/EEBI_%
7 03:0) — _\/2 1 1
A(B® — 29270) = —V2Typp — \/—PBD \/— PEgp + \/E(wazsz‘) — 6Pyrypp) ﬁEBD’
0 - V2
A(B® - X7X7) = —vV2Pyp — V2PEgp + 3 Py gwaDs
A(B° - 2°20) = V2Egp,
A(BO - =

%) = —VEPyp — VIPEgy + L2

~p =
3 1EWBD

2 3 3 1 3
A(B® — AZ¥) = \/;(TIBD —Tspp) — \/;PBD - \/;PEBD ~ /6 (Prewsp — 2Pagwsp) + \/;EBDv (A10)
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2V2

A(B? - p=t) = —V2(T3p — 2T,3p) + V2Pgp + V2PEgp + TPIEWBZ_)’

_ — 2
A(BY - nZ*) = —Tpp + Pgp + PEgp + 3 (Piewsd — 3Pagwsn)-

A(BY - 208*) = —2T,5p — Psp — PEgp + 3 (Piewsd — 6P2gwsp)
_ __ 2

A(BY - XE7) = _\/EPBD - \/EPEBb + §P1EWBT>’
_ _ 2

ABY - E2Q7) = _\/EPB@ - \/EPEBb + \/;PIEWBD7

A(BY - ABY) = e (T13p — Tapp) — V3Pgp — V3PEgp — e (Piewsd — 2Pagwsp) (A11)

and

A(B; = S087) = —AS

A(B; — AT) = —V3A4,,

A(B; » pAT ) =V6AS,.  A(BD > nAT) = V24¢, .

0) = -V24;

BD’

A(BZ - £739) = —A¢ A(B; - &~

- (A12)

while those for AS =1 transitions are given by
_ — 2
AB™ — S7) = V(T = 2Wl) ~ V8Pl ~ VEPEyy =2 2Py~ Vi,

1
2BD+2PIB® +2PE/ +3P/1EWBD

ﬂ + V24!

D3 lEWBD BD’

+ 24!

A(B~ = X°AT) = —T' . 42T -~

1BD
A(B~ - A% = V2P, + V2PE),

- V2P, - V2PE, - \/—(P =3P, ep) — V24,

_ =0
A(B~ — 25F) = 21" \EWBD 2EWBD BD’

1BD

— 1
— =—v%0
A(B™ » E"X7) = Py + PE;, - 3P/1EWBD + Aup:

1
+or (P —4P. ), (A13)

A(B™ _’AA+) ZBD) \/g 1EWBD 2EWBD/

f(TlBD

5 yes 22
A(B® > FAY) = V2T 4 = 2T, pp) — V2Pl — V2PE, — \/-P’

1 BD 2BD 3 LEWBD’

1
2BD + ZPQS’@ + ZPE, + 3 PIIEWBD’

_ _ 2
A(B® - A7) = V6P, + V6PE, — \[31)’

LEWBD’

A(B® - 20A%) = —T' - + 2T

. 2 p
0 =030 F
A(B® —» E'Z) =T o5, = Py — PEjgz, — 3( 1ewsp ~ 3Papwen)-

. — 2
A(B® > B°T7) = V2P, + V2PE, - V2

3 1IEWBD’

1
427! (P —4P ), (Al14)

A(_ —’AAO) 232)) \/g LEWBD 2EWBD/’

7( 1BD
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A(BY > pA*) = —V2E.
A(BY - nA%) = —V2E
A(BY - =tE°7) = V2T ., — 2T, V2P —\2PE, 22, +V2E!
(By = ) = V2T g5 25p) ~ BD BD T T3 Plewsp T BD*
_ — 1 1 1
0 0y+0)
A(By - I27) = _\/5( 150~ 2Thsp) + V2P + V2PE g + 3\/§P,1EWBD \/_E/BD’
- V3
0 —yE—) —
A(BY - £7Z7) = V2P + V2PE, - 3 =5 Plewsp
_ \/_
0
A(B) - E°E) = \/_TIIBD ‘/EPIBT) - \/EPE/BT) = (Plowsp = 3Pogwpp) + \/_EQS’D’
S0 V2
A(BY — E7E7) = V2P, + V2PE === Py
A(BY - AT = T 2T ! P! —4P! 3E’ Al5
(By \/—( 150 T 2Topp) = \/g( |EWBD Sewsp) T 2 BD (AL5)
and
A(B; = XTATT) = —V6Al,,  A(B; - XAT) =24 A(B: —» X A") = V24,
A(B; - BT) = —V24k..  AB; > ETO) =A%, A(B; » AAT) =0. (A16)
3. B to decuplet-antioctet baryonic decays
The full B, 4. — DB decay amplitudes for AS = 0 processes are given by
2 M%) = VAT~ V3P — VEPE + L Vi
A(B™ = Ap) = V2T pg — V2Ppg — V2PEps + T(3P1EWDB + Prpwpi) — V2Apa,
2
A(B~ = A1) = —V6Pp5 — VOPEp; + \/§P2EWDB —V6Apz,
— 1
A(B™ = X%%) = ~T\pg + Ppg + PEpp — §(3P15WDB + Pogwoi) + Apa.
— 1
A(B~ » XX") = —Ppg — PEpg + 3 Paewps — App:
— V2
A(B~ = EE") = V2Pps + V2PEps — =3 Paewps + V2Apg,
_ 1
A(B™ = £A) = V3Ppp + V3PEps — %P2EWDZ_’>’ +V3Aps, (A17)
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- 22
A(B® — ATp) = V2T ypp + V2Pps + V2PEp; + —{PZEWDB — V2Ep;,

_ 2
A(B" - A%) = V2(T\pg + Topp) + V2Ppg + V2PEpg +\g_(3P1EWDB +2Pypypp) — V2Epg,

A(BY = =ET) = V2Ep;,
A(B® - £050) = LTlDB - LPDB - LPEDB +L (3P1ewps + Parwpp) — LEDB’
V2 V2 V2 3v2 V2
- - V2
A(B" —» £757) = —V2Pps — V2PEp; + 3 Parwop:
A(B® - BE0) = V2E,;,
V2

A(B* - E"E") = \/—PDB fPEDB + PZEWDB’

3
A(B® - XA = _T(Tmzs +2Tpp) — \/7PDB \/7PEDB —=(Pizwos + Parwpp) + \/%EDZ% (A18)

_ S 242
A(BY > AYST) = —V2Typp — V2Ppg — V2PEps — T\/_PZEWDB’

A(BY — A%3°) = T, + 2Ppj + 2PEpj + %PZEWDB’
A(BY - A™E7) = V6Pp + V6PEp; — \/%PZEWDB’
A(BY — 22°) = (T p + Top) — Ppjs — PEps _%(3P1EWDE’ + 2Pspypp)
A(B) - XE7) = \/§PDB + \/EPEDB - \/TEPZEWDB’
A(BY —» A°A) = —\%(ZTmB + Typp) — \%(ZPUEWDB + PogwpB)-
and

A(B; — Ap) = —V2A¢ .

A(B; 5250 = —AS.. A(B; - E7E") = V24¢ .,

A(B; = A7) = —V/6AS

Cm A(BD - TUTT) = AC

DB’
A(B7 — Z7A) = V3AS .

while those for AS =1 transitions are given by

— +0 5
A(B™ = X0p) = T\ 15 = Ppp — PELz +3 (3P1EWDB + P pwps) — App
e ﬂ
A(B™ = Xh) = —V2P) , — V2PE, . + = 3 Phewos - V247 .
B~ = Z957) = —VAT VAP 4 VIPEL — Y2 (3P P! + V24!
(B~ — ) = 108 T BT DB 3 = GPlowpz + Popwos) + DB’

1

- =30y — -

A(B” — EY") = —Ppp — PEp,; +3P/2EWDB Abp:
— 2

- -=0) — _
A(B~ - QE") = V6P, . + V6PE, \ﬁ Pl ups + VOAL .

I 1
A(B~ > EA) = V3P .+ V3PE, - — 75 Pl vps T V3.
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. 2v2
A(B® - £ p) = V2T, p + V2P, o + V2PE + v2

2DB 3 P;EWDB’
- 1
0 *072) —
A(B” — %) = T/wz'a + T/ZDB + P/DE’ + PE/DB + 3 (3P/1EWDZ_S + 2P/2EWDB>’
- — 1
0 =x030) _ _ _ _
A(B” — E7%%) =T\ g = Ppg = PEpg + 5 3P pyps + Pogwop)-
_ — V2
0 THE= =) _ S
A(B® = E7E7) = =V2Pg = V2P, + =5 Py
- — 2
A(BO - Q_E_) = _\/EP/DB - \/EPE/DB + \/;PZEWDB’
1
0 =0 — — — -
A(B® = E0A) = (T pp +2Typp) V3P, - V3PE] 7 (Plewns + Pacwop): (A22)
A(BY — A*p) = —V2E,
A(BY — A'h) = —V2E] ;.
A(BY - =%EF) = —V2T!, . — V2P . —V2PE . - z—ﬁp’ +V2E
s - 2DB DB DB 3 2EWDB DB’

- — 1 1
0 050) —
A(BS > ZOF) = —= Ty + V2P o+ V2PE . + 33 Pewos = 75 Eoi
— _ \/z
0 *—N—) __
A(By » X7X7) = \/EP/DB + \/EPEIDB _TP/ZEWDB’
A(BY - B0E0) = —/2(T'_.+ T, ) —V2P . —2PE — £(3P’ +2P, )+ V2E
S0 = 1DB 2DB DB DB 3 LEWDB 2EWDB DB’
5 = V2
0 _, =+5-) = =
A(BY — B"E7) = V2P, o + V2PE, 3 Paewos
A(BY - T0A) = L QT+ T, =) — 1 (2P + P/ )+ 2
§ V6 IDB 2DB V6 IEWDB 2EWDB 2 DB’

(A23)
and
A(B; —Z0p) = ~Ay.  A(B; —T7R) = —V2AL  A(BD - EVET) = +v245;,
A(B; - E*‘?) = _A/DCB7 A(B; - Q_@) = \/6A/DCB’ A(B; — E*_/_\) — \/gA’DCB‘ (A24)
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4. B to decuplet-antidecuplet baryonic decays
The full Bu,d,s,c — DD decay amplitudes for AS = 0 processes are given by

— 4
A(B™ = ATAT) = 23/3Tpp + 2V/3Pps + 2V/3PEps + 7§PEWD@ + 2V3App.

_ 2
A(B~ = AAY) = 2Tpp + 4Ppp + 4PEpp + §PEWDD + 4App.

— 2
A(B~ = A~AY) = 2V3Pp5 + 2V3PEpy — —=Prywpp + 2V3App,

V3
— O *+ \/§
A(B™ = T = 2T pp 4+ 2V2Ppp + 2V 2PEpy + =3 Pewop + 2V2App,
2V2

A(B~ > =59) = 2vV2Ppp + 2V2PEpp — 5 Pewpp + 2V2App,

2
A(B™ —» B*"E") = 2Ppp + 2PEpp — §PEWDD + 2App,

A(B® - ATTAT) = 6Epp + 6PApp,
_ — 4
A(B® - ATAY) = 2T pp + 2Ppp + 2PEpp + §PEWDD +4Epp + 6PApp,
. — 2
A(B® —» A°A%) = 2T pp + 4Ppp + 4PEpp + gPEWD@ +2Epp + 6PApp,
A(B® - A=A7) = 6Ppp + 6PEpp — 2P pywpp + 6PApp,
A(B® - 2 3*) = 4E 5 + 6PApp,
i, — 1
. — 4
A(B® - E9E0) = 2E 5 + 6PApp,
_ — 2

A(B® > Q Q7)) = 6PApp,

_ _ 4
A(B(S) — A+2*+) = ZTD@ + ZPDD + ZPED@ + §PEWD@’
R0 030 ‘/i
A(BY = AY20) = V2T pp 4 2V2Ppp + 2V2PEpp + 3 Prwop.

_ _ 2
A(BY = A7) = 2v/3Ppp + 2V3PEpp — ﬁPEWD@,

_ — 2
A(BY - 080) = V2Tpp + 2V2Ppp + 2V2PEpp + ngWDD,

. — 4
A(BY » ™) = 4Ppp + 4PEpp — 5 Prypp.

_ _ 2
A(BY - E*Q7) = 2V/3Ppp + 2V/3PEps — %PEWDD,

and
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A(BZ » ATAT) =2V3AS L. A(BZ — A'AT) =445 A(B; — AAY) =2V/3AC
A(B; » TOTF) =2V2AS .. A(B; > TE0) =2V245 .. A(B; - ETEC) =245, (A28)

while those for AS = 1 transitions are given by

A(B™ - =P ATT) = 2V3T o +2V3P) o +2V3PEL - + f P +2V3AL

ﬁ _+ 2024

A(B™ = £AT) = V2TY, + 2V2P) + 2V2PE, + = 3 Prwop DD’

— 2
A(B™ = XA%) = 2P - + 2PE - — 3 Prwpp T 2405,

2
A(B™ - B5F) = 2T _ + 4P +4PE) . += 3 Pvpp + 45,

_ 2\/5
A(B™ - E39) = 2V2P . + 2V2PE] - +2V24A!

EWD’D DD’

— 2 ,
A(B~ - QE) = 2V3P/ . +2V3PE] +2V/3A!

DD~ \/_ E WDD DD’ (A29)

. — 4
A(B” — £ AT) = 2T}y, + 2Py + 2PEpy + 2 Py,

_ . V2
A(B - £0A%) = V2T . +2V2P, - +2V2PE _ + 3 Pewop

_ o 2
A(B" - £*7A7) = 2V3P, . + 2V3PE,  — ﬁPgWDD,

R =050 \/E
A(B® - EOX0) = V2T, +2V2P) + 2V2PE, + == Py,

o 4
A(B” — E"E7) = 4Py + 4PEpy — 2 Py,

_ - 2
A(B® — Q"E7) =2V3P +2V3PE, - N (A30)

RO
A(BY - ATTATT) = 6/ + 6PA -

)=

A(BY - AYAT) = 4E/  + 6PA/
)
)=

R0 0AO0)
A(BY — A°A%) = 2E/  + 6PA -

RO - —
A(BY —» AA7) = 6PAL .

- - 4
0 LD Y ol Y
A(By —» T2 ) = 2T o + 2P1x + 2PE) o + = 3 Pwpp +4ELs + 6PAL L,

- <0 1
A(BY = £E0) = Tl + 2P + 2PEpy + 3 Py + 2Ep s + 6PAT

D *—Nk— 2
A(BY > T7E7) = 2Py + 2PEpy = 3 Py + 6PAD,

_ e 2
A(B) — BE0) = 2T - + 4P/ - + 4PE - + 3 Prwop + 2Epp + 6PALp,

- 4
0 .—*_,—*
A(Bs ) - 4Pl + 4PE/DD 3 P;SWDD + 6PA/DD’

A(B] = Q Q") = 6Ppp + 6PEpp — 2P pypp + 6PAT 5, (A31)
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and
— S AL\ c — *OA T — = A O _
A(B; = TFATT) =2V3AS A(BD - TOAT) =2V2A,.  A(B; —» A% =247
A(B; » B95F) =4A..  A(BD - BEX0) =2v24%..  A(B; - QEY) =2V3A%. (A32)

APPENDIX B: FORMULAS FOR DECAY RATES AND ASYMPTOTIC RELATIONS FOR (BB’|(gq') spl0)
The decay B — BB, BD, DB, and DD decay have the following forms [12]

- - _ - - .qh
A(B i 8182) = ul(ABB -+ }’5333)’02, A(B b d Dllgz) = lm—MI:(ADB + )/SBDB>1}2,
B
- g i N = =N ura i " i
A(B - B\D,) = lm_ul(ABD +75Bpp) v, A(B = D\D,) = ity (App + 7sBpp)vay + P i\ (Cpp +7sDpp) oy,
B B
(B1)

where ¢ = p| — p, is the difference of the momenta of the baryons and u#, v* are the Rarita-Schwinger vector spinors, [57]

u, <i%> = eﬂ(:lzl)u<:|:%) u, (i%) = <€ﬂ(:i:1)u<3F %) + \/Eeﬂ(O)u<i%>>/\/§, (B2)

with €,(4) the polarization vector. Using

q- 5(/1)1,2 = Fo,0mppc/m 2, GT(O) 6,(0) = (m% - m% - m%)/zmlm% (B3)

with p, the baryon momentum in the center of mass frame and the fact that €7 (0) - €,(0) is the largest product among the
scalar products of €}(4;) and €,(4,), the last three amplitudes in Eq. (B1) can be expressed or approximated as

D % . 2pC’n - D T~ . 2pCm -
A(B - D\B,) = —l\/; m iy (Apg +7sBpp)vas A(B = B\D,) = l\/; P i (Agp + vsBpp)va.
I 2

2

_ - mg _
A(B - DIDZ) =~ 3m1m2 up (A/DD + ySBIDb) U, (B4)
where
A%@ =App — 2(pcm/mB)2CD7_)’ BID@ = Bpp — 2(Pcm/mB)ZDDD~ (BS)

Hence decay modes with decuplets (or antidecuplets) are only in or dominantly in the j:%—helicity states.
All B — BB, DB, BD, and DD decay amplitudes can be effectively expressed as

A(B - B B,) = it;(A +y5B)v,, (B6)
and it is straightforward to obtain the decay rates giving

D D Pem
I'(B— BB, = 87er2

B

[(2m% = 2(my, + my,)?)A® + (2my — 2(my, — my, )*)B]. (B7)

We now change to the discussion of finding the asymptotic relations for form factors of scalar and pseudo-scalar density
matrix elements, (BB'[(7¢')s p|0). We follow Ref. [39] to obtain the asymptotic relations. The wave function of a octet or
decuplet baryon with helicity 4 = —1/2 can be expressed as

Bid) ~ = (B L 14) + [Bi L) + (B 1)) (B8
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which are composed of 13-, 12-, and 23-symmetric terms, respectively. For octet baryons, we have

sty = [ ) Pyayu)| ),

M) = (<lpidtl) with u o d),

ZH It = (=i t)) with d ),

50 1)) = [ u(l)d(3)\;r§d<1)u(3)s(2)+u(2)d(3)2\+/§d(2)u(3)s(1)+M(1)d(2)2:;§d(1)u(2)s(3) AL,

Z7 M) = (psdt)) with w.d —d.s),

A1) = 'd(2)u(3);u(2)d(3)s(1)+u(1)d(2)gd(1)u(2)s(3) A,

2 010) = (ps ) with w.d = s.u)

BT = (=Ipsdtl) with u—s), (BY)

and for decuplet baryons, we have

[ATHIND) = u(MuuB)IL). (A7) = d(1)d(2)d(3)[L ),

A 1) = % w()u(2)d(3) + u(1)d(2)u(3) + d(Du@)u(3)][411).

A% LAY = (A LAY with wed). (B0 = (AT I1)) with d<s).

0 1) = % u(1)d(2)5(3) + permutation]| | 1),

Q7)) = (AT ) with w—s), (B10)

for the |B; | 1)) parts. while the 12- and 23-symmetric parts can be easily obtained by suitable permutation.
From Eq. (26), we see that the B,» — BB’ factorization amplitudes are related to the scalar and pseudoscalar density
matrix elements (BB'|[(G¢) p|0). For example, we have

(BB'[(3q')y£410){01(7"b)y_a|By) = =if 5, [(mg = mg) (BB'|(q)]0) F (my + my)(BB'|(qq")p[0)].  (BI11)

It is evident that each term in the above matrix element is proportional to light quark masses. By neglecting higher order
contributions from m, and m,, the quark mass dependence in (BB’|(7¢')s |0) can be ignored.
Following Ref. [39], we have

1+}’5

(B(p)|O[B'(p) =0(p) | Fr O+ 2D F (0 |u(p). F*()= el (0: B~ B)F) (1), (B12)

2

in the large # limit. For simplicity, we illustrate with the spacelike case. Coefficients of F for the O = grq} , G, g cases are
given by

o7 (drdy B — B) = 3((B: 111[0[q'(1. 1) — q(L DB L) + (B: 111]0lg/(3. 1) — (3. D]B L1 L)),
e (Grd B = B) =0, (7B — B) = ¥ (g} :B > B), (B13)

where the factor 3 in the first line are introduced without lost of generality. Note that applying O[¢/(1, ]) — ¢(1,1)] to
|B’; | 1]) changes the parallel spin ¢'(1)|]) part of |B’;|1]) to a g(1)| 1) part and likewise for the operation of
O[q'(3,]) = q(1,7)] on |B’; [1]). Itis easy to see that flipping the antiparallel spin |1) part of |B’; | 1] ) to |]) will give a
helicity A = —3/2 state, where the transition amplitude is suppressed. Hence we only need to consider the parallel spin case.
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We can make use of Eq. (B13) to obtain eﬁ for (B(p)|(q4')s.»|B'(P")).

e ((qq)s:B' — B) = ¢{(qLqz:B' > B) + ¢ (qrq:B' > B)
e e (grqy B — B),
| ) -

|i( q19x:B'— B

¢ ((@q)p:B — B) ¢i"(qrqy:B' — B)

= +ej(GrqL:B' > B), (B14)
i.e. we have
(B(p)|(qq')s|B'(p")) = € (qray :B' — B)F(t)u(p)u(p’),
(B(p)(@q")p|B'(p')) = € (arqy:B" — B)F()a(p)ysu(p’). (B15)

Therefore, the matrix elements are related with coefficients ei(?]Rq’L :B’ - B).

The matrix elements (B(p)|(7q')s »|B'(p’)) occur in topological amplitudes A", EV), PE") and PA") as shown in
Egs. (23) and (24), with the help of equations of motion, Eq. (26). By using Eq. (B13), it is straightforward to obtain the
coefficients ¢ for various matrix elements (B|grq] |B’) with results on coefficients e shown in Tables XIX, XX, and XXI.

Note that the Clebsch-Gordan coefficients in Egs. (23) and (24) canceled out with coefficients eﬁ and the asymptotic
relations shown in Egs. (30) and (31) are established.

TABLE XIX. The coefficients eH for various (B|grq}|B’) in TABLE XX. The coefficients ej for various (B|gzq|B’) in
A" of B, —» BB’ decays and E") of B,,) — BB’ decays. E") of B, — BB’ decays.
Blang,[B) T A0 (BlgequB)  erinE0  (BlaggilB) [ in PEV  (Blgq,[B) <] in PEV
(A°|dgu,|AT) 4 (X |igu |ZFF) 4 (A |dgu|A%) 2V3 (2|dd, [2°) 2
(Z0)dgu, [ZF) 2v2 (Z0agu, |2) 2 (A dgug|AT) 4 (Z0[5pu|A7) 2v2
(Z05gu.|AY) 2V2 (E°agu, |E7) 2 (pldgu |A) V6 (n|dgu A7) V2
(pldgur|A™") V6 (Aliigu,|Z*°) \/3 (pldgd;|AT) V2 (Aldgd,|Z*) —\ 3
) VI Dlald o Gl V2 (delE)
<ZO|§RL¢L|A+> 2 <20‘17lRuL‘2*0> _\/Li <A0|dRHL|P> _\/E <A_|5:1R“L|n> —\/6
(A°|dguy |p) -2 (A*|aguy | p) ) (A*|dgdy|p) V2 (ZOdgdy |A) —/3
WMl =6 A R B S A 1
(Z5zu|p) -1 (Eagu,|E") V2 (pldrdy|p) 1 (n|dgu|p) =5
(nldguz | p) -5 (pligu|p) 4 (nldediin) - (= |dgdy| A) V3
0 _ > 0

(Alsgur|p) 3. /3 (A|iiguy |Z0) -3 (Z0|dgd, [2°) 2 (Aldrdy|X%) V3

. z B (Aldgd,|A) 0 (n|dgsL|A) 3,/3
(Z%[5guL|p) 2 (Alagur|A) 0 2

(Z°[5pu|p) —\/% (Alsgur|p) 3, /3
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TABLE XXI. The coefficients e for various (B|(itguy, dgdy,5gs,)|B') in PA") matrix elements.

<B|(ﬁRuLvaRdLv ERSL)‘B/> BW in PA(/> <B|(ﬁRML,aRdL,§RSL)|B/> eﬂ in PA(/)
(A |(@guy, dpdy, Spsp)|AT) (6, 0, 0) (A*|(iguy, dgd; ,5gsy)|AY) 4,2,0)
(A%|(@guy, dgdy,Sgs,)|A%) (2,4, 0) (A~ |(aguy, drdy,Sps,)|A”) (©, 6, 0)
(T |(iguy, . dgdy,. Sgsp)|Z*T) 4,0,2) (=0 (iguy,. ddy . 5psy )| E°) 2.,2,2)
(= |(@guy, drdy, SpsL)|Z) ©, 4,2) (& (uguy, drdy,5ps.)|E7) 2,0,4)
(& |(agur, drdy, Sps.)|E) 0,2, 4 (Q|(aguy, drdy,5gs.)Q7) (0,0, 6)
(pl(itguy, drdy,. Sgs)|p) (4.-1,0) (n|(@guy, dgdy,5gsy)In) (—1.4.0)
(Z*|(puy,, dpdy, 5gsy) =) (4,0,-1) (°|(@tguy . dpdy,Sgsp)|Z°) (2,2,-1)
(= |(uguy, drdy, 5ps.)|Z7) (0.4,-1) (A|(@iguy, drdy, 5gsp)IA) 0,0, D
(B°|(@guy,, drdy, 5ps1)|E°) (-1,0,4) (B~ |(aguy, dpdy,Sgsp)|E7) (0,-1,4)
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