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We study charmless two-body baryonic B decays using the topological amplitude approach. We extend a
previous work to include all ground state octet and decuplet final states with full topological amplitudes.
Relations on rates and CP asymmetries are obtained. The number of independent topological amplitudes is
significantly reduced in the large my asymptotic limit. With the long awaited B — pp data, we can finally
extract information on the topological amplitudes and predict rates of all other modes. The predicted rates
are in general with uncertainties of a factor of 2 by including corrections to the asymptotic relations and
from subleading contributions. We point out some modes that will cascadely decay to all charged final
states and have large decay rates. For example, BY - Q~Q~, B~ — pA™", B~ — Ap and B? — AA
decays are interesting modes to search for. We find that the B° — pp mode is the most accessible one
among octet-antioctet final states in the AS = 0 transition. It is not surprise that it is the first Bq - BB
mode being observed. With the detection of z° and/or y many other unsuppressed modes can be searched
for. The predicted B — pp rate is several order smaller than the present experimental result. The central
value of the experimental result can be reproduced only with unnaturally scaled up “subleading
contributions,” which will affect other modes including the B — pp decay. We need more data to
clarify the situation. The analysis presented in this work can be systematically improved when more

measurements on decay rates become available.
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I. INTRODUCTION

Recently, following the observation of B~ — A(1520)p
decay [1], LHCb Collaboration found _the evidence for the
charmless two-body baryonic mode, B — pp, with [2]

B(B® — pp) = LATEEH03 x 1075, ey
and also obtained

B(By = pp) = (2841101 x 1075 ()
The present experimental situation for charmless two-body
baryonic decay rates is shown in Table I [1-5]. Many three-
body baryonic modes have been observed [6], and show
threshold enhancement behavior, with the baryon pair
moving collinearly, in their spectra. It has been conjectured
that the threshold enhancement is the underlying reason of
the large three-body rates from the two-body ones [7]. The

PACS numbers: 11.30.Hv, 13.25.Hw, 14.40.Nd

[24-27] studies. Predictions from various models usually
differ a lot, and explicit calculations usually give too large
rates on the charmless modes. For example, all existing
predictions on B — pp rate are off by several order of
magnitude comparing to the LHCb result [2,16,17].

Given that direct computation is not reliable at this
moment, it is thus useful to use symmetry related approach
to relate modes and make use of the newly measured
B — pp rate to give information on other modes. In [9],
we use the quark diagram or the so-called topological
approach, which was proposed in and has been used
extensively in mesonic modes [28—32] (for a recent review,
see [16]), to the charmless two-body baryonic decays and
obtained predictions on relative rates. In fact, the same
approach was also applied to charmful baryonic B® — A} p

TABLE 1. Current experimental status of rates of two-body
baryonic modes. Upper limits are at 90% C.L.

rates and threshold enhancement can be understood and ~ Mode B(10~%) Reference
reproduced theoretically with factorization approach right B~ — AA <32 (3]
after the observations of some of the three-body modes B~ — Ap <32 [3]
[8—15]. For reviews, see [16,17]. B~ — AAT <82 [4]

On the other hand, progress on the study of two-body B~ — A%p < 138 (5]
modes is slow and on a smaller scale [16,17]. The two-body B~ — pAtt <14 [5]
baryonic dgcays arein .general nonfactorizable, which makes o _, PP 1.47+062+035 2]
the theoretical study difficult. In general, one has toresortto ~ _, N

. B’ - AA <93 [4]

model calculations. There are pole model [11,18-20], sum 2 5 ph 2 g4 2034085 2]
rule [21], diquark model [22,23] and flavor symmetry related L PP — L8018
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decay [27]. Note that the quark diagram approach is closely
related to the SU(3) flavor symmetry [28,31,33]. It is
important to stress that the topological approach does not
rely on any factorization assumption and, hence, is applicable
to the study of nonfactorizable decay modes, such as
charmless two-body baryonic modes that we are interested
to in this study. With the evidence on the B® — p p mode, itis
timely to revisit the subject. In this work we will extend the
previous work to include all topological amplitudes, where
only dominant ones were considered previously [9]. We can
now make use of the newly observed B’ — pp rate to extract
information on decay amplitudes and proceed to provide
predictions on rates of all other charmless two-body baryonic
modes of ground state octet and decuplet baryons.

As a first step towards numerical study, we use asymp-
totic relations in the large mp limit [34] to relate various
topological amplitudes [9]. The number of independent
amplitudes are significantly reduced. It should be noted that
the same technics has been used in the study of the three-
body case [11,13,14]. It leads to encouraging results. For
example, the experiment finding of B(Apz~) > B(Z’pr~)
[35] can be understood [14] and three-body decay spectra
are consistent with the QCD counting rule [36] expect-
ations. Due to the large energy release, we expect the
asymptotic relations to work even better in the two-body
case than in the three-body case. The smallness of two-
body decay rates may be due to some 1/m% suppression as
expected from QCD counting rules. We will extract the
asymptotic amplitude from the B — pp data.

We then try to relax the asymptotic relations and estimate
uncertainties on rates. As we shall see, with the present
situation, rates can only be predicted or estimated at best
within a factor of 2 following the above procedure.
However, even order of magnitude estimation on rates is
useful, as it can single out several prominent modes that our
experimental colleagues may be interested to search for.
Furthermore, the results can be systematically improved
when the measurements of other modes become available
in the future.

The layout of this paper is as following. In Sec. II, we
give our formulation for baryonic decays modes, including
all ground state decuplet-decuplet, octet-decuplet and octet-
octet final states. Full topological amplitudes are given for
these charmless two-body baryonic modes. Asymptotic
relations are provided at the end of the section. In Sec. III,
we discuss the phenomenology of the charmless two-body
baryonic decays. Relations on rates and Ap using the full
topological amplitudes are obtained. We give predictions
on all charmless two-body baryonic modes with the input
from the B = pp data. Some suggestion on the exper-
imental searching are put forward. In Sec. IV we give the
conclusion followed by three appendices on a brief deri-
vation of the asymptotic relations, the decomposition of
amplitudes into independent amplitudes and a collection of
baryon decay rates.
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II. FORMALISM

In this section, we first develop the formalism of
topological amplitudes of charmless two-body baryonic
B, 45 decays. The full amplitudes of all ground state octet
(B) and decuplet (D) baryon final states are given using the
formulas. Simplification can be obtained in the large mp
limit and the asymptotic forms of the amplitudes will be
shown before we end this section.

A. Effective Hamiltonian for topological decay
amplitudes of charmless two-body
baryonic B decays

The effective weak Hamiltonian for charmless B decays
is [37]

Gy ‘L or r
Hey = 7§ {rgc-vqbVllq[CIO] + C202}

10
—VaVi > ciO,-} + H.c., 3)
i=3

where ¢ = d, s, and

01 = (?b)V—A(qr)V—m
0; = (7abﬁ)va(C_1/ﬂ”a)va’

O35 = (Elb)V—AZ(q/q/)v;Aa
ql

Oy6) = (éabﬁ)v—AZ(%q/a)Vq:A’
q/

O7(9) = (qb)vaZeql (@' )vsa
ql

Og(10) =

W W

(@ubp)v-n Y e (@pdi)ven “)
q/

with O;_¢ the QCD penguin operators, O7_;, the electro-
weak penguin operators, and (7'q)y., = ¢'7,(1 + £75)q.
The next-to-leading order Wilson coefficients,

¢; = 1.081, ¢y = —0.190, ¢z =0.014,

¢y = —0.036, ¢s = 0.009, cg = —0.042,

c7 = —0.011agy, cg = 0.060agy,,

cog = —1.254agy,, c10 = 0.223agy, &)

are evaluated in the naive dimensional regularization
scheme at scale y = 4.2 GeV [38].

We will concentrate on the flavor structure of the effective
Hamiltonian first. We follow the approach of [9]. As shown
in Fig. 1, we have tree (7)), penguin (P), electroweak
penguin(Pgy ), W-exchange (E), annihilation (A) and pen-
guin annihilation (PA) amplitudes. It is straightforward to
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Pictorial representation of (a) T (tree), (p) P (penguin), (c) E (W-exchange), (d) A (annihilation), (¢) PA (penguin annihilation)

and (f) Pry (electroweak penguin) amplitudes in B to baryon pair decays. These are flavor flow diagrams. We use subscript and superscript
according to the field convention. For example, we assign a subscript (superscript) to the initial (final) state antiquark g,, (™).

obtain the coefficients of these topological amplitudes. We
recall that for the b — uiid and b — gqd processes, the tree
(Or = 0,,), penguin (Op = O3) and electroweak pen-
guin (Ogwp = O7_¢) operators have the following flavor
quantum numbers [see Egs. (3) and (4)]:

~ (ab)(du) = H{(3;b)(qxq’).
~ (db)(a:q") = H"(3xb)(q:4").
OEWP ( )( q') = HEWJ (@:b)(@rd’),
HI?=1=H> Hpyit = ;6% otherwise
Hif = HEW;Zk = H* =0, (6)

respectively.' Note that the above equations also apply to the
|AS| = 1 case, with d, H}> = 1 = H? and Hpy}* = Q6]

'Note that H*(= H*) does not lead to any additional term.

replaced by s, HI’=1=H>
respectively.

We are now ready to proceed to B to decuplet-
antidecuplet decays. A decuplet with ¢,q;q, flavor as
shown in Fig. 1 is produced by a D,; field, while a
decuplet with g'g/g™ flavor is created by a D™ field,
where DY™ is the familiar decuplet field with D' = A+,
D2 = A+/\/3, D2 =A0/\/3, D> =A-, D=
S /\/_, DI23 — Z*O/\/_, D223 _ e /\/_’ D33 —
=240/4/3, D?3 = = /1/3 and D’ = Q" (see, for example
39]]). Hence by using the correspondent rule, we have

and HEW;k = Qjéf,

H = 6TD@BmHj'kl_)ik1Dlj " + 2PppB,, H Dy D™
+ 6ED1DBkH;k®ilm’Dmlj
+ 6AppB;H¥ Dy, D™
+ 6PAD7_)BkaDImnDnmI
+ 6P ypp B, H EW;"k@ilelj ", (7)
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with B,, = (B~, B°, BY). Without loss of generality, the prefactors before the above terms are assigned for latter purpose.
For B to octet-antidecuplet baryonic decays, the antidecuplet part is as before, while for the octet part, we have [39]

=2 A +
— >0 A
B=| =T -Z+& | ®)
=- 20— /2

and note that the B} has the flavor structure ¢/q“q"€ . — 1 6,4°q°q"€ape [39]. To match the flavor of ¢;q,q;» 3'G'q"

3
final states as shown in Fig. 1, we use

qi9r91 = €ikaB?’ €ialBZ7 (eariBBY),

c—llqqu N elijZ?’ elmei, (Ghijé)), )
as corresponding rules in obtaining H. Since not all terms shown in the above equation are independent, 6,-]“,[37 +
€iaB + €qBf =0 = ePBy + 3] + P B, for each of the ¢,q;q; and §'g/g"™ configurations we only need two
independent terms. To be specific those in the parentheses in Eq. (9) will not be used.

To obtain the effective Hamiltonian for the B — BD decays, we replace Dy, in Eq. (7) by (B);; = €3¢ and (B,) 1, =
€8¢ and get

H = —V6T 5pB,, H e, BID'™ — 2v/6T 5B, H'¥€ 1y B¢ D™ — \/6P B, H €13, BID'™ — /6 E sy B Hk ey, B D™
- \/EABbBiHj%kmB;aanlj — V6P, pyi5p B H ewlf€ixa By D™ — 2V6P, yyi5p B H ew'lfeau BiDH™, (10)
where some prefactors are introduced for later purpose. Note that terms obtained with the replacement D — 3, from
penguin, exchange and annihilation topologies of Eq. (7) are vanishing. We have two tree, one penguin, one exchange, one
annihilation, two electroweak penguin and no penguin annihilation amplitudes. For example, penguin annihilation
amplitude cannot exist in this case as the decuplet is symmetric in flavor index, while the octet part comes in through
antisymmetric combination.
For the B — DB case, by replacing D™ in Eq. (7) by (B;)"™ = €'/’ By" and (B,)"™ = ¢®/™ B}, we have
Heff - —\/ETIDBBmH;k,Z_)iklé‘]thZL + \/gszgémHékbilebijé + \/EPDBBmHkbkilehimBé + \/EEDBBkH;k,Z_)i[mGhHBZL
+ \/EADBBiHj'k@klmebliBZn - \/EPIEWDBBmHEWj‘k,DikleUng + \/EPZEWDBBmHEWj‘k,DiklebijIb' (11)
Without loss of generality, we introduce some prefactors for later purpose. Note that terms obtained with the replacement
D — B, from penguin, exchange and annihilation topologies of Eq. (7) are vanishing. We have two tree, one penguin, one
exchange, one annihilation, two electroweak penguin and no penguin annihilation amplitudes. B B
_To obtain B — BB decays effective Hamiltonian, we first replace Dj;; and Dlim in Eq. (7) by (B));; = €3} and
(By) iy = €auB, and (B))V™ = €l/P B and (B,)"™ = eb/™mBL, respectively, and obtain
Hetr = (Hegr)11 — (Hetr) 12 + 2(Hetr )21 — 2(Hetr )22
(Heff)pq = quBBBmH;k(Bp)ikl(Bq)ljm + quBBBmHk(Bp)kil(Bq)lim
+ quBBBkH;k(Bp>i1m (Bq)mlj + quBBBiH;k(Bp)klm(Bq)mlj
+ P pwssBuHew'F (By) i (By) "™ + PA, 55BiH  (B)) s (By)™™, (12)
where without loss of generality the coefficients in front of (H),, are assigned for later purpose. Using identities,

_2(81 )kil(Bl )lim = (BZ)kil(Bl )Iim = _2(82)ki1(62)”m’ _2<Bl )lmn (Bl )nml = (Bl )lmn (BZ)HmI = (BZ)Imn (Bl )nml = _2(82)lmn
(B,)"™, and redefining topological fields,” we finally get

*Explicitly, we redefine T53=T\,55. Top=T 1255 T355="T2158- Tass=T2osp (and similarly for P,y z5). —5P sz = P\ 55—
4P5158 — 2Py, Pogg = Piopp (and similarly for A;zz and E,zg) and —3PAgg = PA| gg + 2PA | 55 — 4PA, 55 — 2PA,y55-
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Hetr = TppBnHY eiaBi € By — ToppByH'F ey o 1€ Bl + 2T355B,, H'l e u B’ By — 2T, 55B,, Hik €y B "1 B,

— 5P, B, Hr ey Bie™® BYt — PypB,, H ey B1e™ B — SEllgBBkH;'-keilaquemle{’ — EZBBBkH§k€i,aBﬁ1€b’jBf71

- 5AIBBB,»H;ikeklaBﬁ,e’"lei — AypBiH e Biye? Bl + P pyisaB o Hpw'F e By € By

_ R ik Ra bjm Rl R ik Ra .ljb
- P2EWBBBmHEW;' €ikalgla€ ijb + 2P3EWBBBmHEW} €ale?€ J B;}n

— 2P s B H pw'F € By €" " Bl — 3PA g B HY €, Bie™ Bj,. (13)

We have four tree, two penguin, two exchange, two annihilation, four electroweak penguin and one penguin annihilation
amplitudes.

All of the above results are for AS = 0 transitions. For AS = —1 transitions, we use 7', P’ and so on for the

corresponding topological amplitudes.

B. Topological amplitudes of two-body charmless baryonic B decays

Here we collect all the B — DD, DB, BD, B3 decay amplitudes expressed in term of topological amplitudes as obtained
using formulas in the previous subsection. These are some of the main results of this work.

1. B to decuplet-antidecuplet baryonic decays
The full B — DD decay amplitudes for AS = 0 processes are given by

4
A(B~ = AYATT) = 2/3Tpp + 2V3Ppp + 7§PEWDT> +2V3App,

— 2
A(37 — A0A+) =2Tpp +4Ppp + §PEWDI_) + 4App,

— 2
A(B~ = A™A%) = 2V3Ppp — = Ppypp + 2V3App,

V3
05T V2
A(B~ = ZVEF) = V2T pp + 2V2Ppp + — Prwpp + 2V24pp,
2V2

A(B™ - TE0) = 2v2Pp; ——3 Pewop + 2V2App,
S 2
A(B" > ATTATT) = 6Epp + 18PApp,
= - 4
A(B® —» ATAT) =2Tpp + 2Ppp + 3 Pewpp +4Epp + 18PApp.

_ — 2
A(B® » A°AD) = 2Tz + 4Py + 3 Pewpd + 2Epp + 18PApp,
A(B® - ZZ*) = 4Eps + 18PApp,

_ — 1
A(BO - 2*02*0) = TD@ + ZPD@ + gPEWDZ_) + ZED@ + 18PADZ_)7

A(B* > QQ7) = 18PApp, (15)

056003-5



CHUN-KHIANG CHUA PHYSICAL REVIEW D 89, 056003 (2014)

and

- — 4
A(B(S) — A+E*+) = 2TD1_) —+ 2PD@ —+ §PEWD@’
0 030 \/i
A(BY — A'20) = V2T pp + 2V2Ppp +3 Prwop:
_ _ 2
A(BY > A7) = 2v3P 15 — — P rumm,
( K ) DD V§ EWDD

V2

A(BY — TZ) = V2T pp + 2V2Ppp + — Prwop.
. — 4
A(B) ~ £ 7E7) = 4Ppp — 2 Prypp,

_ _ 2
A(BY - Z7Q7) = 2V3Ppp — EPEWDZ_)’

while those for AS =1 transitions are given by

A(B~ — THATT) = 2V3T, +2V3P, \/_ P s +2V3AL L
A(B~ = ZOAT) = V2T _ +2V2P _ + = ﬁ + 224!
- DD DD EWDD DD’
2,
x— A O
A(B” = XTAY) = 2Py — 3 Plwpp + 2AIDD’

—_— 2
A(B™ = E0Z"T) = 2T + 4P+ P! +4A!

3 EwpD DD’
— 22

A(B~ - =7%0) =2V2P, \3[ Plop + 2V2AL

A(B~ - Q=) = 2V3Pp — \/‘ Plypp + 2V3A05,

_ — 4
A(B" - = AT) = 2T, o + 2P+ P!

3 EWDD’
_ e V2
A(B® - X0A%) = V2T, +2V2P);, + 3 = Prewpp-
RO *———
A(B® - =A%) = 2V3P)  — ﬁP'EWDD,

] 2
A(B® — =950) = V2T) 4+ 2V2P, | + V2p

3 EWDD’
A(B" - ZTF) = 4P/ 4P’
= - DD 3 EWDD’
no —=w—\
AB* - QE7) = 2\/_P’DD ﬁP’EWD@,

and
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A(BY » ATTATT) = 6E

+ 18PA/
A(BY —» ATAT) = 4E

A(BY - A°AD
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DD’
+18PA! -,
0
) =2E . + 18PA,
A(BY > A"A7) = 18PA/

DD’

A(BY > T+EF) =

4
2T 5 + 2P + 2 P,
A(BY - z0%0)

5+ 18PA]
1
» T3P,

DD’
3 EWDD + ZE,
= 2P 2
A(BY

» Tt 18PA’DD,
DD 3 P;EWDD + 18PA/DD’
:*OE*O) — 2T/ + 4P/ + P/

3 EWDD + 4E/
op T 2P’
A(B? - T3 =

A(BY -

3 Plwop + 2Epp + 18PA,
=57) = 4P =3 Phuno
A(BS

+ 18PA/

DD’
- Q Q) = 6Ppp — 2P pypp + 18PA

2. B to octet-antidecuplet baryonic decays
A(B™ = pA™T) = —V6(T 5p

o (19)
The full B - BD decay amplitudes for AS = 0 processes are given by
- 2Ty5p) + V6Pgp +2
A(B~ = nA") = —V2T 5p + V2Pgp + ——

Pyewsp + V6Agp,
2V2
3

(Pygwsp — 3Papwsp) + V2Agp.
1
A(B™ = %) = —2T,u5p — Ppp +§(P1EWBD 6P>rwpp) — Apd:
=0 1
AB~ - X729 = —PBD+3P1EWBD Agp,

2
AB~ - = E9) = \/_PBD-F\/—

P -
3 IEWBD

- \/EABZ_)’

- pF)

g \/_ Z ) ,” \/_ I EW, 21 A

2T231')) + \/_PBD +

(20)
2V/2
TPIEWBZ_D —V2Egp,
Y, Y T V2
A(B” - nA") = —V2T 5p + V2Ppp + 3 (P1ewsp — 3P2ewsp) — V2Epp.
A(B® = =tTF) = V2Eup,
) _ 1
A(BY = 2050) — _\/2T —Pps+ P rwpn — 6P Epp,
( ) 2BD \/§ BD 3\/5( 1EWBD 2EWBD) \/— BD
) . 2
AB* - x7Z7) = _ﬁpsb + \/_PIEWB@’
A(BY » E92°0) = V2E 5,
A(B® > = F7) =

2
—V2Pyp + v2

TplEWBD’
] 2 3 1
A(BO - AZ O) = \/%(Tm@ —T1pp) \/;

3
Ppp %(PIEWBD 2Py pwpp) + \/;EBY_)’
056003-7
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and

_ S 2V2
A(BY - p=) = —V2(T gp — 2Topp) + V2Pgp + TPIEWBT)’

A(B) = nZ0) = —Tpp + Ppp + 3 (Piewsd — 3P2ewsD)
_ — 1
A(B) - X°2%) = 2T — Ppp + g(PlEWBZ_D —6Pspwin),

_ _ 2
A(B) - E7) = _\/EPBE +\g_P1EWBZ_)9

_ __ 2
A(B) - 27Q7) = —V6Psp + \/;PIEWB@’
_ 2 1
A(BY » A=) = = (T 3p — Tapp) — V3Psp — —= (P1pwed — 2P2pwsp)-
( ) \/g( 1BD ZBD) BD \/g( 1EWBD 2EWBD)

while those for AS =1 transitions are given by

— 2
A — 27 57) = V(T gy ~ i) ~ V6Pl 2Pl — Vi

Tigp 28D
A(B~ - X°AT) = ~Tipp T 2Tsp +2Pyp + _i, P\ pwep + 245D
A(B~ > X7A%) = V2P, — \/E Pl pwsp + V24,
AB™ = 057) = VT, 5~ V3P L2 (Pl ) ~ Vi
A(B~ - E759) = Py — ;PIIEWBD +Aps
A(B~ — AAT) = \}57( sp T 2Th5) — \}§(P/1EWB’D AP, pwep)-
A(B" = A7) = V2T g = 2T} i) = V2P \/EPIIEWBD’
A(B® - EOAO) _T/IBD + 2T/28D + ZP/ p T ;PIIEWBD’
AB" - A7) = \/EP/B@ - \/EPIIEWBD’
A(B® —» ='50) = Tap— Pap— (PIEWBD 3P, pwip):
A(B® — Z7T7) = V2P, \/EP,IEWBD’
A~ ABT) = = (T + 2T300) = (Phgsn ~ 4Pl

and
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A(BY - pA+)
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—V2El.
A(BY - nA®) = —V2E -,
- 2\/§
A(B} - XTI = \/E(T/IBD 2T 5p) — V2P, Plewsp + \/’E,BD’
— 1
0 050
A(By - X°27) = \/_(TIBD 2T 5p) + \/_P/ \/EP/IEWBD \/EE/B@’
_ _ \/E
A(BS - £7X7) = V2P — P e
A(B) - E92%0) = V2T . — V2P, \/_(P — 3P, ep) + V2E,
s = 1BD \EWBD 2EWBD BD’
_ \ﬁ
0 =
A(By - E7E7) = \/_P/ Pl ewsp
A(B? g AZ*O) = 76( 1BD + 2T’

25p) ~ NG (P,

IEWBD
The full B - DB decay amplitudes for AS = 0 processes are given by

3
AP ) 4\ 2
3. B to decuplet-antioctet baryonic decays
AB~ —» AV p)

= V2T pg

(25)
V2
- \/EPDB + < (3Pigwps + Parwpp) — \/EADBv
2
A(B~ — A™q) V6P + \/;PZEWDB V6Apg,
A(B™ = %) = —Tpg + Ppg — = 3P zwpi + Pagwps) + Aps-
A(B~ = T7E) = —Ppp +§PzEWDB App,
— 2
A(B~ - E7E") = V2Ppz - \/_PZEWDB +V2Ap;,
A(B~ - EA) = V3P pB — —=Poewps + \/_ADB’ (26)
\/§
_ 22
A(B® > A*p) = V2T,pp + V2Pp5 + \/’PZEWDZ_S’ — V2Ep,
B0~ %) = V2 Vippy + Y2 V2
A(B” — A%R) 2(Tpg + Tapg) + V2Ppg + — (3P gwps + 2Pagwps) — V2Eps,
A(B® = 2 ET) = V2Epg,
1 1 1
A(BY - 2020 = — T, pp — +——=3P + Pyewpi) — —=Epp
( ) /3 wE T A e Ty \/E( 1ewpB + Parwpp) 3 DB

_ _ 2
A(B" - £7E7) = —V2Pp; +\é—P2EWDB7
A(BO N *O:O) — ﬁEDB?
_ _ 2

A(B" - Z7E7) = —V2Ppz + {PZEWDB’
s i 3 I
A(B” — £A) = \/—(TmB +2Tpp) — EPDB -
and

3
%(PIEWDB + Popwpi) + \/;EDBV

27
056003-9
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A(BY = ATET) = —V2Tpp —

22
V2P —

3

A(BY — A%Z0) = Typp + 2Ppg + 3P215WDBv

PHYSICAL REVIEW D 89, 056003 (2014)
— Porwoi:
0 2
ABy - A™Y7) = \/EPDB_ §P2EWDB’
A(BY - £Z0)

1
(Typg + Tapg) — Ppi — 3 (3P gwpi + 2P2gwps)
- 2
A(BY - =F7) = V2P V2
A(B)

3 Prpwpi:
- AOJ_\) =

1
/3 (2T 1pp + Topp) — A (2P gwoi + PaewpB)
while those for AS =1 transitions are given by

(28)
+0 =
A(B™ = 27p) = T\ pp — Ppg 3 3 CPowps + Popwps) — 4]
2
A(B~ - X)) = —V2P)  + == f
A(B~ - 20%F) =

2E WDB \/_A/
—V2T'

DB’
3
1DB + \/'P/
AB~ - E7X0) =P,

/ /
(3P1EW'DB +P

DB’

ews) T V2Ag:
5+ 1P/ —A
3 2EWDB DB’
2
A(B™ > QE) = VoP; — \/; Pl pyps + VOA;
A(B~ - E*A) =3P,

DB’

+ /34!

DB’

\/§ 2E WDB

(29)
D *+ = \/j
A(B” = 2" D) = V2T + V2P + 3= Py
ABY = %) =T o+ T\ n+ Py +3 (3P’1 swop + 2P
A(B® - =030 = 5t (SP

ZEW'DB)
/

]DB 1EWDB + P
A(BO - E7ET) =

hEWDB)”
\/§

\/—P / = Plowos

— 2

—V6P T \/;P 2EWDB>

A(B® - =04) = ——(TIDB +2T), ) — V3P,

and

=5 Pliun + P

2ewDB): (30)

056003-10
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A(BY > ATp) = —V2E, .

A(BY — A%) = —V2E! .

\/_P/ L_P/ \/_El

A(BY - £7TEF) = —V2T] 2ewpB DB’

2DB
_ — 1 1
0 030

A(BY - $0%0) = ﬂT;DB+\/§P’I)B+3ﬁP’2EWDB \/ZE;)B,

_ — 2
A(BY » X7E7) = V2P, \/_P’

2EWDB’

)= V2P, — ‘3[(313' +2P

nO ':**O'“O
A(B§ - ) = —V2(T| 5 + T \EWDB 2EWDB

1DB 2DB

= V2
0 THE—T—) —
A(B) - E7E7) = V2P, — 3 Prewos

)+ V2E!

DB’

1 1 3
Tl Toop) = T Pl + Pion) + |/ 3w

4. B to octet-antioctet baryonic decays

The full B — BB decay amplitudes for AS = 0 processes are given by

3 _ 2
A(B~—np)=~Tpg—5P 55 +§(P15WBB—P3EWBB+P4EWBB) —5A, 33,

€2V

1 1
A(B= = X05) = V2T e+ —— (5P s — Popi) - —— (P pvymis + Py prsis + 2P prmis — 2P g rmars) +—— (54 i — Ao eiz),
( ) 3BB \/—( BB ZBB) 3\/5( 1EWBB 2EWBB 3EWBB 4EWBB) \/z( 1BB ZBB)

— 1 1
A(B_ - Z_ZO) = _E(SPIBB_PZBB) —3—\/§(P15WBB+P2EWBB—4P3EWBB—2P4EWBB) _T(SAIBB_AZBB)’

1

NG (P1ewss — Paewss —4P3ewss — 2Paewss) ——=(5A 155 +Asgp);

%_
@) )

. 1
AB->XA)=——F—(5P 35+ Pryp) —
( ) \/6( 155+ Pasi)
AB-—>EE)= —Papg+ 3 Papwss —Axsp:

— 2 1 1
A(B~ = AX") =~/ 2(T\pg—T3p5) == (5P 155+ Popg) + = (5P 1ewss + Paewss — 4Psewss + 2Paewss)
3 V6 3v6

1
—76(514153 +Aypz),

) ] 2
A(B® = pp) = =Ty + 2Ty + Papp + §P2EWBB —5E g + Erpg — 9PApp.

_ _ 2
A(B® — ni) = —(T g + Tpp) — (5P 155 — Popp) + 3 (Prgwss + Pagwss — Pspwss — 2Pagwes) + Exss —

A(B® = =tXV) = —5E 5 + Eypg — 9PAgg,
_ — 1 1
A(B® - 20%°) = —Typ5 5 (5P1p5 — Popg) — 3 (Prewsg + Paewss + 2P3ewss — 2Parwss)

1
5 (SEpg — Eapg) — 9PAgs

056003-11
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20A) (Tspg + 2T4pg) + (5P55 + Papp) + : (Prewss — Paewss + 2Pspwss + 10Pypwsp)
V3 V3 V3
5E s+ E
\/§< 188 + EaiB)

A(B" = Z7X7) = —(5P 55 — Pyp) — g(PwWBB + Popwps — 4P3pwps — 2Parwss)

1
A(B® = AX0) = T(Tlsz‘; T358)

—9PAgg,
Pypp 3P2EWBB —9PApg,
NG (5P55 + Pagp) NG (5P1gwps + Paewss — 2P3ewss + 2Parwss)
2\/— (SE\pg + Epp)s
-0 - 1 5
A(B” = AN) = — (T35 + 2Top — Tapp — 2Tupp) — 3 (P55 — Papp)
3 (5P1gwss + TPapwss — 2Pspwss — 10P,pwsg) — G (E\sg — Eypp) — 9PAgp,
(33)
and
0 S+ 2
A(By = pZ*) = Typp — 2T 455 — Popp 3P2EWBB7
_ _ 1 V2
A(BY - nX") \/—TZBB + \/§P2BB + T(PZEWBB 3Pyrwps)
- _ 1
A(BY - nA) NG (2T 55 + Topg) +
A(BY - £020)

1 1
%(lopmz‘s - P2BB) -

3
1
V2(Tsg5 + Tygp) +
A(BY - =°=7)

\/;(ZP 1ewsB T Paewss — 2P3pwis — Parwss)
V2

\/—PIBB + 32 (Prewsg + 2P3ewss + 4Parwss)
5Pipg+ 3 (=Piewss + 4P3ewss + 2Pipwss)

2 1
—\/;(Twis + Topg — T35 — Tanp) NG (5Pyp5 — 2P>pp)
+ NG (5P1gwsB + 4P2pwss — 2P3pwss — 4Parwss)

while those for AS =1 transitions are given by

A(B~ - X)) =

(34)
(T — 2T =) — Lo (3P + P, —)—LA’ B
\/E 1BB 3BB \/E 2BB 3\/§ 1EWBB 2EWBB \/E 2BB
A(B™ - Xn) = _P/ZBB_’_;P/ZEWBB Algpe
A(B™ = B57) = —T\ 5 = 5P\ + 3(PI1EWBB Piewes + Pigwss) — 5155
AB™ = Z750) = =P =2 (Pl = 4P — Plows) ~ 54 e

056003-12
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A(B™ = E7A) = \}g(SPQBB 2P)gp) — 3\/6(PIIEWBB + 2P ewss ~ 4Pspwss ~ 2Pipwsp) ~ \/S(SAIHS’B 2A)55)-
A(B” = Ap) \/5( 15 T 2T5pp) + \}6(101)/188 Posp) — 3\/'( 1ewss ~ Paewss — 4Pspwss T 4Piewss)
\/E(IOA/IBB Adgp)- (35)
A(B® = 27p) = T = 2T 55— Pl — 2P/2EWBB’
3
AB > 593 = (T + Tl =2~ 2Togs) 4 Phg 3 (P 2Ph)
A(B Eog) \%T/]BB +\/i§PQBB _?(P/IEWBB Piewss + Pipwes):
A(B® - Z0A) = \/6( 15 T 2T og8) — \/_(SP,IBB 2P)gp) + ; \/E(PIIEWBB + 2P, s — Papwes — SPipwsn):
A(B® = E7X7) = —5P) 15 — ; (P pwis ~ 4P3pwes — 2Pipwss):
A(B® — An) \/ig (T'pg + Typp + 2T + 2T 5) + V6 (10P] 5 = Poysp)
1
3 \/E(P vewss T 2Paewss — *Psewss — 8Fiewss): (36)

and

A(BY - pp) = —SE’IBB + E) s — 9PA Lz,

A(BY - ni) = E) n —9PAL:.

A(BY = TVTF) =~y + 2T + P + §P/2EWBB SE/IBB + By — 9PAgs:
A(B) - %) = __(Tzzszs 2T, pp) + Posp + 6P/25w53 2 (SE/IBB Esp) — 9PAyp:
A(BY = X0A) = 2\/§(2T/135 + Top = 4135 = 2Tigp) — 2\/_(2P1EWBB + Ppygp) ~ 2\/§(5E/135 + Egp)-
A(BY = 27X7) = Pl ;P/ZEWBB OPAyg.

A(B) - 22) = ~Tips — Togs = (5Pig5 =~ Pygp) +3 (P 1ewss + Paewss ~ Papwss — 2Pipwss) T Easp — IPAup:
A(BY = E757) = —(5P) 5 — Plysp) = ; (P pwis + Paewss — 4Psewss — 2Pipwss) — 9P A
A(B = AS) = - (Thg + 2yag) + 5 (Phes + 4Plnss) ~5 /5 (OF,

A(BY — AN) = é(lelBB + T + 4T + 2T ) — 3 5 (107,
PP s + P

!
18B + EZBB)
/
18B —P )
/
2EWBB 8P3EWBB

2BB

4P’
the Appendix A we have

5
) — 2 (Bl —

hsi) — OPA

BB
C. Large mpg limit
Using the chirality structure of H in Eq. (3) and large m g limit, topological amplitudes are related [9,34]. As shown in

(37)
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T(/) = T(/) — T(/> _ T(/) — T(/)

DD 1BD2BD IDB2DB ~ © 18BB.2BB,3BB.4BB’
N =ph _p0) _p0) _ p0h
P =P DD P BD P DB P 1BB.2BB’
P(/) :P(/) o P(/) - _p -
EW — © EwDD 1EWBD2EWBD |EWDB.2EWDB

_ pl)
~ " 1EWBB2EWBB.3EWBB4EWBB’

EDD,BD,DBJBB;BB» AD@,B@,DBJBBQBB»
PApp g = 0, (38)

in the large mp asymptotic limit. In that limit, we need only
one tree, one penguin and one electroweak penguin
amplitudes for all four classes of charmless two-body
baryonic modes. The asymptotic decay amplitudes can
be easily read out using the results shown in the previous
subsection and Eq. (38).

Using Eq. (3) these amplitudes are estimated to be

G _
T = Vb Viags) 7%(01 — )y’ (1 —ys)v,
(1 * Gf —/
PV = -V, Vi, —=lcs —cq+ s — colyit' (1 —ys)v,

) /2

VfbV;d(s) 7 [co — c10 + ¢7 — eglyit' (1 —ys)v.

Ql\)

N~

3
Pg%a/:—i

(39)

The minus signs between Wilson coefficients are from the
color structure. Note that O, 39, and similarly O, 4, are
only different on the flavor structure, their contributions are
related in the large mp limit (see er, ep,, ep,,, in
Appendix A). Similarly contributions from Os¢ and O;g
are related.

PHYSICAL REVIEW D 89, 056003 (2014)

The unknown amplitude y will be fitted from the recent

B = pp data.

III. PHENOMENOLOGY

A. Relations on rates and Ap
From the full topological amplitude expressions of
decay amplitudes, we can obtain relation on averaged
rates and rate differences, as the number of modes are
greater than the number of the independent amplitudes (see
Appendix B).
For decuplet-antidecuplet modes, we have
2B(B~ — A~AY) = 3B(B~ — £+-39)
= 6B(B~ —» =),
B(B~ — A°AT) =2B(B~ — %),
6B(B~ — £~ AY) = 2B(B~ - Q=)
=3B(B~ - = x9),
2B(B~ — TOAT) = B(B~ —» Z0x+T),
B(B) — A'20) = B(B) - £0=0),
AB(BY » A"S7) = 4B(BY » =Q")
=3B(B) » £ E7),
B(B" — Z*OF) = B(B -» E*OW),
4B(B® — SA7) = 4B(B" —» =57
=3B(B" - Q7). (40)

Under U-spin symmetry, [40], using Im(V ,, V? V5,V ;) =
—Im(V,, V3 Vi, V,s) and the expressions of amplitudes, we
obtain

2Acp(B~ — AA%) = 3Acp(B~ — T20) = 6Acp(B~ — ZE)
= —6Acp(B~ > A% = —2A p(B~ - Q)
= —3Acp(B~ = EFEY),
Acp(B~ = APAT) = 2A0p(B~ — TOEF) = —2Ap(B~ — Z0AT)
— ep(B 2T,
Acp(B~ = ATATT) = —Acp(B™ — ZFFATT),
Acp(B? = A'E0) = Acp(BY — TVZ0) = —Acp(B® - T0A0)
= —Acp(B® - 20%),

4Acp(BY = A7) = 4Acp(BY - Q) = 3Acp(BY - ZE)
= —4ACP(BO g Z*_F) = —4ACP(BO - E*_F)
= —3Acp(B? - QE),

056003-14
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ACP<B_? - A+2*+)

ACP(E - E*Oﬁ)
Acp (E -

5) = —8ep(B ~ Q).
Acp(B® = T7T7) = —Acp(B
ACP(BO - A+A+) ~Acp(B
ACP(E - AOF)

q
For octet-antidecuplet modes, we have

where Acp is defined as the B, decay rate subtracted by the rate of the CP conjugated mode

. ) =15 B(BY > 2°Q"),
373 B(B" - Z727) =13 B(B" - Z7A7),
— E0E),
— pAT) = B(B? - nAY), (42)
and
Acp(B™ = nA¥) = —Acp(B~ — 2277,
Acp(B~ > - E*O) = 2Acp(B~ = £59) = 22Ap(B~ - E50) = —Ap(B~ - £-A9)
Acp(B~ — pA™T) = —Acp(B~ —» ZFATT)
Acp(B” - ”AO) = —Acp(BY —» ==,
3Acp(B® = Z7E7) =3Acp(B” - E7E7) =3A¢p(BY » TET) = Acp(B) » Z7Q7) = —3Acp(B) - TET)
= 3Ap(B) = EE7) = —3A0p(B = E57) = —Ap(B° —» A7)
Acp(B® > erZH) Acp(B° EO@) = —Acp(B) — PE) = —Acp(BY — nF)
Acp(B® = pAT) = —Acp(B) - E7ET),
Acp(BY = nZ) = —Acp(B® — “02*0)
Acp(BY = pETT) = —Acp(B® - ZFAT)

(43)
056003-15
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For decuplet-antioctet modes, we have

373 B(B" - £°X7) = 315 B(B® >
315 B(B) - X%7) =37
B(B" - £+EF) = B(B® — =0=0),
B(BY - Atp) = B(B? - A%),

and

Acp(B~ = A%p) = 2A0p(B~ = Z0EF) = —2Ap(B~ = Z0p) =

EE) =13 BB > ATX"
B(BO '—*75_) = 3TBdB(BO i E*iy) = TB‘[B(BO

PHYSICAL REVIEW D 89, 056003 (2014)

) = 3TBSB(B? - Z*_?),
- Q=7),

(44)

—Acp(B = E0ET),

Acp(B~ > A7) =3Acp(B~ = ZE9) = 6Acp(B~ — =50) = 2A0p(B~ = S A) = —3Acp(B~ > =5 i)
= —6Acp(B~ = Z750) = —Acp(B~ — QE0) = —2A.p(B~ - ZA),

Acp(B” — ATp) = —Acp(BY

3ACP(BO - 2*_?) = 3ACP(_

— Z**?)
— -'*_H_)
Acp(B® - b
ACP(

) = Acp(B® >

)=
Acp(BY - A+_+)

)

- A%

For octet-octet modes, there are no relations for the
averaged branching ratios, when the full topological
amplitudes are used (see Appendix B).> However for
Acp, we have

Acp(B~ = np) = —Acp(B~ — '),
Acp(B~ = EE°) = —Acp(B~ > 7).
Acp(B® = pp) = —Acp(B) = ZEY)
Acp(B® = nit) = —Acp(B? - ==0),
Acp(B® > £*Z%) = —Acp(BY - pp).
Acp(B® = Z7E7) = —Acp(B) —» E7E7),
Acp(B® - EZ0) = —Acp(BY — ni),
Acp(B® = E7E7) = —Acp(B) - T7X7),
Acp(B) = pZ¥) = —Acp(B° - 1),
Acp(BY = Z7E7) = —Acp(B® - E7E7) (46)

*For approximated relations, using only the dominating terms
in the amplitudes, one is referred to [9].

= —3Acp(B} - E7ET) = _3ACP(BO —E7Y) = _ACP(BO - Q=)
E*OE) = —Acp(BY - ATp) = —Acp(BY — A%),

(45)

All of the above relations are obtained without using

the large mp limits and are ready to be checked
experimentally.

B. Triangle relations on amplitudes

In the previous subsection we only make use of some
of the relations on amplitudes. There are, in fact, much
more relations on amplitudes. For example, for AS = 0,
B, to decuplet-antidecuplet decay, we can have isospin
relations,

V2A(B~ - ATATT)
= V6A(B~ — A'AT) —
V3A(BY —» ATEZT)
= V6A(B) - A’T)

V2A(B~ > A~AY),

—A(BY - A—SF),

A(BY - ATTATT) —34(B" —» ATAT)
+3A(B" > A"A%) —A(B" - A"A7) =0, (47)
and
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2A(B' -2 E7)=A(B)» X5 )+24(B" > Q Q).
ZA(BO_)Z*OZ*O):\/EA(BO_)Z*OH*O)+A(BO woﬁ)’
A(B%—» ATTATH) =3A(B? - =0=0) —24(B" - Q- Q"),

A(B° >3 E7) =24(B' > E9Z0) —A(B' Q).
A(B' > A A7) =3A(B" == ) -24(B"-»Q Q"),

A(B" -2 E7)=24(B'»="E7)—-A(B"»Q Q"),

A(BO—>A+ ):A(BO—>A+Z*+)+A(BO—>Z*+Z*+)
A(B°—>A0 ):\@A( A02*0)+A( - Z020),
(48)

These can be easily obtained by using the full decay
amplitudes given in the previous section or in
Appendix B

There are many similar relations for amplitudes
within decuplet-antidecuplet, octet-antidecuplet, decup-
let-antioctet and octet-antioctet modes. The interested
reader can work them out using formulas in Appendix B.
In below we only give two examples of the relations on
octet-antioctet amplitudes:

A(B® - pp) = —A(BY - p=t) + A(B® —» =%V,
(49)
and
A(B? = pp) = A(B? - tZF) + A(B - =p). (50)

For more relations on amplitudes in various limits, one is
referred to [9].

C. Numerical results on rates

In our numerical analysis, masses and lifetimes of
hadrons are taken from [6], while values of Wolfenstein
parameters for the CKM matrix are from [41]. Our strategy
is to fit the asymptotic amplitude using the experimental
B = pp rate, and try to predict rates on other baryonic
modes with estimations on the corrections to the asymptotic
relations and contributions from subleading terms. In
principle, we can extract the full topological amplitudes
directly from data, but at the moment since only one mode
is found, we can only start from the asymptotic limit, as the
number of parameters is highly reduced, and consider
reasonable corrections to it. As we shall see, the prediction
on rates are within a factor of 2. The accuracy can be
systematically improved when more modes are observed.

Fitting to the experimental result on B — pp rate using
the topological amplitude, Eq. (33), but in the asymptotic
forms, Egs. (38) and (39), we obtain

= (3.57°078) x 1073 Ge V2. (51)
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Rates on other modes in the asymptotic limit can be
obtained by using formulas in Sec. II. B and Egs. (38)
and (39).

In reality the topological amplitudes are, however, not in
the asymptotic limit. Corrections are expected and can be
estimated as following. (i) The correction on T() P(> and
P(EWI are estimated to be of order my/mp (the baryon and B
meson mass ratio), which is roughly, 0.2, hence, we have

) = +iH10, PP =1+ p{)PO
Piwi = (1+ p{) Py, (52)
with
—02<4, PV pU.<02,  (53)

which parametrize the correction. (ii) Furthermore, since
the Fierz transformation of Os ¢ ; g is different from O ; 3 4,
the relation of the contributions from these two sets of
operators may be distorted when we move away from the
asymptotic limit. We assign a coefficient « in front of c5—cg
and c¢;—cg in Eq. (39) with x having a 100% uncertainty:

k=1%+1, (54)
to model the correction. (iii) For subleading terms, such as

annihilation, penguin annihilation, exchange amplitude,
we have

fBmg

E/) =n~LZBT0 AV =y 2ETE 0
mpg Mp mpg mpg

PAY = g L85 po), (55)
mpg mp

where the ratio fz/mp is from the usual estimation [32], the

estimated to be of order 1. Explicitly, we take
0<|nijxl <l =1, (56)

where we set the bound 5| to 1 in our numerical results.
We will return to this point later when confronting the
B(s) — pp data. Note that some SU(3) breaking effects in
rates are included, as the physical hadron masses [6] are
used in the numerical analysis.

Before we show our results, we comment on the
detectability of baryonic final states. As shown in
Appendix C, we note that, (i) AT0, A, ==, ¥, =0
and Q™ have nonsuppressed decay modes of final states
with all charged particles, (ii) AT, £+9, 20, £*0 and =
can be detected by detecting a z° or 7, (iii) while one needs
to deal with n in detecting A~ and X~. Modes with final
states from the first group or even the second group and
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TABLEIL. Decay rates for AS = 0, B P DD modes. The first uncertainty is from the uncertainty of the asymptotic amplitude, y, and
from relaxing the asymptotic relations, by varying t;, p;, p... [see Egs. (51) and (53)], the second uncertainty is from «x [see Eq. (54)],
and the last uncertainty is from subleading contributions, terms with ; ; , [see Eq. (56)]. Occasionally the last uncertainty is shown to

larger decimal place.

Mode B(1078) Mode B(1078)

B~ — ATATF 1715710927081 1+ 0.22 BY — AYEH 5187302102 £ 0
B~ — A°AT 6421734 013 £0.15 BY - AOx0 29153331031 £0
B~ — A=A 0.757057055 £0.05 BY > AT 0.687 040 040 £ 0
B~ - 0% 2.9947425933 £ 0.07 B? - z050 270478058 £ 0
B~ - xx 047707103 £ 0.03 B} - X E7 0.84 0200 e 0
B~ - g &9 0214023492 £ 0.01 B - = 0.5870951 095 £0
B —» ATTATT 040+ 077" B - et 040+ 07"!
B - A*AT 5297009203 BO - x0T 139743503 £0.09
B? — A°A 59413506 019 B —xrx™ 0867551 g5 + 0.05
B — A“A™ 2.081 33174 £0.08 BY — =:0=0 0404015
B> Q Q" 0= 0 4 07000 B —» == 0.2070731 05 +£0.02

with unsuppressed B decay rates should be experimentally
accessible.

We are now ready to discuss our numerical results.
Predictions on AS = 0, B = DD decay rates are shown in
Table II. The first uncertainty is from the uncertainty of the
asymptotic amplitude, y, and from relaxing the asymptotic
relations, by varying t;, p;, P..; [see Egs. (51) and (53)],
the second uncertainty is from dx [see Eq. (54)], and the last
uncertainty is from subleading contributions, terms with
Nijx [see Eq. (56)]. Occasionally the last uncertainty is
shown to larger decimal place.

There are modes that will cascadely decay to all charged
final states, such as pp with one or more charge pions or

kaons (see Appendix C). These include B® — ATTATT,
APAD, Q~Q, =T, 35 and 2= decays. Among
them, we note that B® — A%AY and B —» Z*~X*~ rates are
at 1078 level. These two modes are relatively easy to be
detected, while other modes are suppressed.

Modes need one 7° or one y for detections are

B~ = ATATT,  ADAT, 30T
BY - AtZF, A0S0, 30=0 3+-FF and Q- decays.
Among them, we have B(B~ — ATATH) =2 x 1077 and
it reduces ~30% in producing pz’pz~ final state.
Modes with more than one z° or y are more difficult to

detect. They are B — AtAT, 050, === decays. The

Z*_Z*O, E*—E*O’

TABLE III.  Same as Table II, but with AS = —1, B, - DD modes.

Mode B(107%) Mode B(107%)

B~ — XA 13.947 82041708 + 0,038 B - AT 4305533 £0
B~ — T0AT 9.74%57 7lis” +0.028 B — xOA? 9.027508 gloa” 0
B~ — A0 5247306762 £0.015 B — ¥ A" 145476247108 £ 0
B~ — =T 18.0712131422.10 4 () 052 BO - =0x0 837 %00 06 £0
B =30 0.71+1L0SHILS4 4 0 028 B - =57 17.96 760 139 + 0
B~ — Q=0 13.38H 13214159 4 0,039 B - Q=" 1237550755 £0
BY — A++ATT 040+0§0"° B - xx 42138 505050
BO — AAT 0404010018 BY - x0x0 44253 84538105
BY — AAD 040+ 05507 B} -z x A4T4T350 548 0%
B > A-A" 040+ 00017 BY - =0=0 1633553 130100
B oo 36,2441 22+43.06+1.40 B =5+ 17.531 1035 075090
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TABLE IV. Same as Table II, but with AS =0, Bq — BD modes. The latest experimental result is given in the parenthesis.

Mode B(1078%)

Mode B(1078)

B~ — pATT 7.507208303% £0.10

(< 14) [5]

B - nA_+_ 2.541221400% 4 0.03
B~ - x0T 41253791005 £0.03
B~ -z x9 0.0550031005 & 0.003

B~ =50 0.080:92+010 + 0.005

B - AET 0.1410:32%917 + 0,009
B — pA* 2.317 5504004 +0.03
B° — nA” 2.357350 008 £0.03

BO - EOE*O

0404 01%"

50 —_— = +0.08+40.09
B" - == 0.07%) 04005 £0

BY - pr't 2281333 006 £ 0
BY - nx?® 1.16 555 004 £ 0

R0 0=+0 +4.27+0.04
B; —- 2= 3747555 00, £0

BY » » =+ 0.087 0491020 + 0
B) > E2°Q 022703707 £ 0
BY —» A= 0.1350 007015 £ 0
B - xtyrt 040 079"
B — 3030 1.9172154002 + 0,01
By 00933088+ 0
B0 —» AZ0 0.077 021008 £ 0.004

first two have rates of order 107, Some modes need n for
detection and they are very difficult to be observed. They
are B~ - A~A° BY - A~A~ and B > A~ decays.
Predictions on AS =—1, B, - DD decay rates are
shown in Table III. From the table we see that:
(1) Modes having all charge final states in cascade decays
with rates ranging from 1078 to 10~7 are B~ — Z*t AT,
A0, Q=0 B0  Q-Q, 2020, -5 and I
decays. Note that BY — Q~Q~ decay has the largest rate.

(ii) With one 7° or y for detection, we have B~ — =20,

BY - =¥, Q"= with rate at 1077, (iii) All other
modes are either too small in rates or need more than one 7°
or one y or even n for detection.

Predictions on rates of AS =0, Bq — BD decays are
shown in Table IV. We note that for modes having all
charge final states in cascade decays, the central value of

the B~ — pA™™" predicted rate is only half of the exper-
imental upper bound. It should be searchable in the near
future. Furthermore, the measurement of this mode will be
useful to reduce the theoretical uncertainty. Another all

charge cascade decay final state mode B — pX** has rate
at 1078 order, while all other states with similar cascade
decay final states are suppressed. With one z° or y, one may
search for B~ — X0%*F, BY  pA™ and B? — 3050, All
other modes are either suppressed or are more difficult to be
detected.

Predictions on AS = —1, Bq - BD decay rates are
shown in Table V. There are only two modes having all
charge final states in cascade decays, namely B® — =X~
and AA°. The former has rate of 108 order, while the latter
is of order 10~ and is 2 order of magnitude smaller than the
experimental upper limit. With one z° or y one may search

TABLE V. Same as Table II, but with AS = —1, Bq — BD modes. The latest experimental results are given in parentheses.

Mode B(1078%) Mode B(1078)
B~ - ZtATT 5755057104 £0.02 BY — TtAT 17742794207+ 0
B~ — XOAT 4.01 59308 £0.01 BY - $0A0 3715558 £ 0
B~ — X7A° 21575123 4.0.006 B’ - =A™ 59878801+ 0
B~ - =% 23213134240 4 0,006 B® - =030 107840 4 0
B~ - =3z 0.957) %112 +0.003 B’ —» =T L7550 % £ 0
B~ — AAT 0.1879% £0.005 + 0 B - AA° 0.17793) £0.004 +0
(< 82) [4] (<93) 4]
BY = pA* 0 + 0 4 0F300001 BY - Tty 17542874214 + 0,005
BY - nA° 0 = 0 & 000! BY — x0x+0 1.837531 7224 + 0.003
BY — =0=0 2.1172840228 4 0.006 BY - =T 19673231233 + 0
BY) - =7 17270094 + 0 BY —» AZ 0.087049 £ 0.002 + 0.0008
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TABLE VI. Same as Table II, but with AS =0, Bq — DB modes. The latest experimental result is given in the parenthesis.
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Mode B(1078%) Mode B(1078)
B~ — A% 2.5412904014 + .03 B) —» ATEF 21313 000 £ 0
(<138) [5]
B~ — AR 0.337937403% + 0.02 BY — AOX0 1191370 £0
B — TO%F 1.0871224006 4 0013 BY - AT 0.287078033 £ 0
B~ - x50 0.057095+005 1 0,003 BY - =020 3.6514101004 4 ()
B~ - =20 0.08+092+010 4 0,005 B zE 0.087 005 008 £0
B~ - XA 0.147046+017 1 0,01 BY - A°A 317585000 £0
B = A*p 23172854011 1 0,03 B - zxt 040+ 075
B® > A% 8.99+1025+010 4 () 06 B® - 050 0.50*9374093 4 0,006
B0 — =00 04 0 4 000! B> xE” 0.0913:58* 006 £0
B == 0.07 5008502 £0 B — A 1525507000 +0.02

for B~ — ZtAT and B — 3°A°. Note that B~ — AAT is
lower than the experimental upper limit by one to two
orders of magnitudes.

Predictions on AS = 0, B ¢ DI decay rates are shown
in Table VI. Note that B~ — A°p and B? — A°A decays
are modes that having all charge final states in cascade
decays and with rates of order 1078, The former is one to two
orders of magnitudes below the present experimental limit.

Predictions on AS = —1, Bq — DB decay rates are
shown in Table VII. Note that B — Z**p, Q"= and
Z*0A are modes that have all charge final states in cascade
decays and have rates of order 1078,

Predictions on AS = 0, Bq — BB decay rates are shown
in Table VIII. We see from the table that the B® — pp
decay has the highest rate among modes that have all
charge final states in cascade decays. Although there are
rates higher than it, they require detection of z° and/or y for

observations. For example, the BY — $0=0 decay rate is of

the order of 1077, but one needs y and z° for detection. For
AS =0, B, — BB decays, the B® > pp decay is the most
accessible mode among them. Therefore, it is not surprise
that it is the first B = BB mode being found. Furthermore,

we note that B - Z-Z~ and AA decays having all charge
final states in cascade decays are predicted to be highly
suppressed. In fact, the latter is several orders of magni-
tudes below the present experimental limit. These predic-
tions can be checked experimentally.

Predictions on AS = —1, I_Bq — BB decay rates are
shown in Table IX. The results can be summarized as
following. (i) B~ — Ap, =" A and BY — AA, 2" = decays
are unsuppressed modes having all charge final states in
cascade decays. (ii) In fact, since B~ — Ap and BY — AA
decays having rates at 1077 level and do not lose much in
producing ppr~ (reduced 26%) and pprta~ (reduced
60%) final states, respectively, they are interesting modes to
search for. Indeed the predicted B~ — Ap rate is

TABLE VII. Same as Table II, but with AS = —1, Bq — DB modes.

Mode B(1078) Mode B(1078)

B~ - xp 13675817557 £ 0.004 B'—>xp 18270875 £0
B~ - X0 22112324263 + 0,006 B - =07 0.9071 3910 1+ 0
B~ - =0%F 2273315 £0.006 B0 — =050 10554255070 £ 0
B~ —»z=x0 0931194049 +0.003 B - =3 L7153 + 0
B~ - Q= 48173813 £0.014 B - Q= 4447503155 £ 0
B~ —="h 2.88132532 4 0.008 ey 2370 £0
BY—» AP 0 = 0 & 0 00001 BY - Tyt 1.677 3484295 + 0.005
BY - A% 0 = 0 & 000! B? - x0x0 1757307428 +£0.003
BY - =100 1,453 24162 1 0.004 BY > 3% 1.881 3131233 £ 0
B) —» =5 1647086417 £ 0 BY - =0A 0.08 001060 +0.001
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TABLE VIII.  Same as Table II, but with AS = 0, Bq — BB modes. The latest experimental results are given in parentheses under the

theoretical results.

Mode B(107%) Mode B(107%)
B~ — np 3.201360+ 2024011 BY - p§ 14235001 £0
B 35T 32610 B~ 3 0728 £ 0
B — 330 0.51F078+0.60+0.05 BY - nA 28879708 £ 0
B~ —>3xA 0397033 058 00n BY - x0=0 10.8477%3%097° + 0
7 -0.23-0.28—-0. s = 6,420,
B~ — =0 0.06.10.07+0.07+0.004 BY > 3= 14475812+ 0
B~ — AT¥ 0.39089+0461002 BY — AZ° 0.09*5.07 096 £ 0
B pp LAT 00T o3 B" - xrx¥ 004055
(L4708 0" 2]
BY — nii 6.60" ;03 7ot B? — 3050 15153 076000
B0 _, =0=0 0 £ 0 4 000004 BY > -5~ 0.94 ) aat 1 Lit0.08
B == 0,060 007001 B - x4 4,10+ 8840194005
B = AA 0033 4 000007 BY - AX® 0.18 030 0o
(< 32) [3]

*Taken as the input of our numerical analysis.

TABLE IX. Same as Table II, but with AS = —1, Bq — BB modes. The latest experimental result is given in the parenthesis under the

theoretical results.

Mode B(1078%) Mode B(1078)
. 0 = +1.13+0.9340.002 R0 += +1.81+1.45
B~ = X'p 0.8820'5370'59_0.002 B® = X"p L18Z5 512056 £ 0
- — = +1.64-+1.714+0.004 50 0 +1.26+0.66
B-—>2"n 144206571 05-0.004 B” —X'n 0.59%37%037 £0
— =03+ +38.074+39.2240.09 R0 =050 +17.61+18.14
B~ - =% 3254755155359 0.00 B" - =% 15.05%5 65 21705 £ 0
B — E_ZO 16.76+19.33+19A91+0A05 BO N EOA 1.68+4A35+2AO6 +0
—9.97-12.21-0.05 —1.46—-1.22
-, =A +4.55+2.43+0.01 B0 _, == +35.75+36.83
B - EA 204575 149 0.01 B" - Z="% 31.00Z5543 55759 £ 0
- - 425.16+22.80-+0.07 R0 - 123.54+20.48
B~ — Ap 18. 781311 13'82-0.07 B — An 16.6871106 1226 £ 0
(< 32) [3]
50 - +0.006 70 3 +1.75+1.40+0.16
BY - pp 0+0+0% By — XX L1477 083 0.1
2.03+0.85
(284 76 o) (21
B = nii 040+ 0+(0).005 B = 20@ 1.20+131+4147+0.16
s — s -“Y_075-0.88—0.15
B~ 1823 L BT LT
0 _, === 129.91+23.22+0.56 20 07 40.13+0.0040.001
By - =72 19.5573 5151454055 By — XA 0.05Z40420.00-0.001
0 A +15.01+13.58+0.46 R0 50 +0.07+-0.00-+0.001
Bx - AA 1].10_720 —8.18 —045 Bx - AZ 0'057040370.00704001

close to the present experimental upper limit. It could be the
second B — BB mode to be observed. (iii) Although B~ —

Z=~X° has rate of the order of 107, it needs y for detection.

We now comment on the BY — pp mode. The predicted
rate is several order smaller than the present experimental
result, which, however, has large uncertainty. To accom-
modate the central value of the experimental result on
B, — pp rate, one need to scale |57| from 1 [see Eq. (56)] up

to 20.54. Although it is unlikely that for || to be enhanced
by factor 20, some enhancement is possible if final state
rescattering is present [42]. Note that the last entries of rates
for modes with vanishing central values in Tables VIII and
IX, scale with |5|?, while those with nonvanishing central
values, roughly scale with ||. By naively scaling up 5| by a
factor of 20.54, we find that the contribution of the
“subleading terms” (term with #) will give rate five time
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of the tree contribution in B® — pp rate.* This is highly
unnatural and unlikely. We certainly need more data to
clarify the situation.

We give a summary of our suggestions before ending this
section. We shall concentrate on modes that will cascadely
decay to all charged final states and have large decay rates.
(i) For B, —» DD, AS =0 decays, we have B - AOA°
and B® — Z*~X*~ having rates at 10~® level. (ii) For
AS=-1, B, > DD decays, B~ — Tt A*T, A,
Q=90 and B » QQ~, =0=0, 5+-TF, 5 decays
have rates ranging from 10~8 to 1077, where the B? —
Q~Q~ decay has the largest rate. (iii) For AS = 0, Bq —
BD decays, the central value of the B~ — pAT™ rate is
only half of the experimental upper bound and should be
searchable in the near future, while another all charge final
state BY — pX** has rate at 10~® order. (iv) For AS = —1,
B, — BD decays, B — Z"X* decay rate is at 105 order.
(v) For AS =0, B, — DB decays, B~ — A’p and BY —
A°A decays have rates of order 1078, (vi) For AS = —1,
B, — DB decays, B" — 2~ p, Q=" and Z*°A rates are at
the order of 107%. (vii) For AS =0, B, — BB decays,
B — pp is the most accessible mode. It is not surprise that
it is the first Bq — BB mode being observed. (viii) For
AS = -1, B, - BB decays, B~ - Ap and B? - AA have
rates at 107 level and do not lose much in producing ppz~
and ppr*z~ final states, respectively. They are interesting
modes to search for. The B~ — Ap decay could be the
second B — BB mode to be observed as its rate is close to
the present experimental upper limit. (ix) The predicted
BY — pp rate is several order smaller than the present
experimental result. The central value of the experimental
result can be reproduced only with an unnaturally scaled up
|7]. By naively scaling up ||, we find that the contribution
of the subleading terms (term with #) will give rate five time
of the tree contribution in B® — pp rate. We need more
data to clarify the situation.

IV. CONCLUSION

In this work, we study charmless two-body baryonic
B, 4 decays using the topological amplitude approach. We
extend previous work [9] to include all ground state octet
and decuplet final states with full topological amplitudes.
Relations on rates and CP asymmetries are obtained using
these amplitudes.

There are in general more than one tree and one penguin
amplitudes in the baryonic decays. However, by consider-
ing the chirality nature of weak interaction and asymptotic

“The last uncertainty in the B® — pp rate (in the unit of 10~%)

in Table VIII changes from 12 to 395
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relations [34], the number of independent amplitudes is
significantly reduced [9].

With the long awaited B° — pp data [2], we can
finally extract information on the topological amplitudes.
Using ratio of the Wilson coefficients, we estimate the
penguin to tree amplitude ratio and are able to predict
rates of all other modes in the asymptotic limit. Corrections
to the amplitudes by relaxing the asymptotic relations
and including subleading contributions are estimated.
The predicted rates on decay rates are in general with
uncertainties of a factor of 2.

We point out some modes that will cascadely decay to all
charged final states and have large decay rates. (i) For

B, —» DD, AS = 0 decays, we have B — A9A0 and BY —
$*"%* having rates at 1078 level. (i) For AS = —1, B, —
DD decays, B~ — AT, A0, QE0 and
BY 5 QQ~, 20=0 x*-F* 3*t¥*" decays have rates
ranging from 1078 to 107, where the B — Q~Q~ decay
has the largest rate. (iii) For AS =0, Bq — BD decays,
BY - p=*t has rate at 108 order, while the predicted
B~ — pA™T rate is close to the experimental upper bound
and should be searchable in the near future. (iv) For
AS = —1, B, » BD decays, B - Z"X* decay rate is
at 1078 order. (v) For AS =0, B, - DB decays, B~ —
A% and BY — AOA decays have rates of order 1075,
(vi) For AS = —1, B, — DB decays, B® - £*"p, Q" =~
and Z*A rates are at the order of 107%. (vii) For AS = 0,
B, — BB decays, B’ — pp is the most accessible mode. It

is not surprise that it is the first Bq — BB mode being
found. (viii) For AS = —1, B, — BB decays, B~ — Ap
and BY — AA have rates at 10”7 level and do not lost much
in cascade decays. They are interesting modes to search for.
In fact, the B~ — Ap decay could be the second B — BB
mode to be observed as its rate is close to the present
experimental upper limit.

With the detection of 7z° and/or y many other
unsuppressed modes can be searched for.

The predicted B — pp rate is several order smaller than
the present experimental result. The central value of the
experimental result can be reproduced only with an
unnaturally scaled up |5|. By naively scaling up |y|, we
find that the contribution of the subleading terms (term
with #77) will give rate five time of the tree contribution in
B — pp rate. We need more data to clarify the situation.

The analysis presented in this work can be systematically
improved when more measurements on decay rates become
available.
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APPENDIX A: ASYMPTOTIC RELATIONS
IN THE LARGE mp LIMIT

In this appendix we summarize the main procedures
to obtain asymptotic relations as in Ref. [14] and further
extend it to include discussion on electroweak penguins.
In general the decay amplitudes of B to final states with
octet baryon (B) and decuplet baryons (D) can be expressed
as [19]

A(B - B\B,) = it,(Agg + 75Bgg) v2,

= = gt
A(B - DB,) = lm_”/f(ADB + 75Bpg) V2,
B

= = gt
A(B = B\D,) = lm—u1(Ast +75Bgp)vh.
B

A(B - Dy D,) = i (App + r5Bpp) v,
q"q"

+ 2

B

ﬁ}ll(CDZ_) + ySD’DZ_))UZw (Al)

where ¢ = p; — p, and u#, v* are the Rarita-Schwinger
vector spinors for a spin—% particle. The vector spinor

can be expressed as [43] u,(£3) = ¢,(£1)u(+3) and

u,(£3) = (e,(£Du(F3) + \/Eeﬂ(O)u(i%))/\/i where
€,(4) and u(s) are the usual polarization vector and spinor,
respectively. By using g-e(d),, = F6,0mpp./m 2,
where p. is the baryon momentum in the B rest frame
and the fact that €}(0) - €,(0) = (m% — m? —m3)/2m;m,

is the largest product among €} (4;) - €;(4,), we have |

[ATEAD) = u()u)u3)[1L1),
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= > . ZpL -
A(B = DB3,) = —l\/;m—1 it (Apg + vsBpp) 02,

_ _ .2 pe .
A(B = B\D,) = l\/;m_ul(ABD +75Bpp) v,
2

2

_ = mp
A(B - DIDZ) = W u; (A/D@ -+ ySB/DZ—))’Uz, (A2)
where A7 = App —2(p./mg)*Cpp and Bl 5 = Bpp —
2(p./mg)*Dpp and decuplets can only be in =+ i-helicity
states. All four B — B;B, (BB = BB, DB, BD, DD)

decays can be effectively expressed as

A(B — B B,) = it;(A +75B)v,. (A3)

The chiral structure of weak interaction provides further
information on A and B. For example, in the AS =0
processes, we have either b — upird; or b —
qrr)9r(1)dr decays, therefore the produced d; quark is
left handed. Furthermore, as strong interaction is chirality
conserving, the pop up quark pair ¢’g’ should have
q’L( R)EI;?( 1)- From the conservation of helicity, the produced

baryon must be in a left-helicity state and the produced
antibaryon must be in a right-helicity state. In large mp
limit, as the spinor helicity identify to chirality, we should
have B — —A in above equations.

We follow Refs. [14,34] to obtain the asymptotic
relations for these coefficients (A and B). As noted we
only need to consider helicity j:% states. The wave function
of a right-handed (helicity = %) baryon can be expressed as

1
B 1) ~\73(|B, N+ B A + B I 1),

i.e. composed of 13-, 12- and 23-symmetric terms, respec-
tively. For B = p, n, 2%, A, we have

(A4)

(AT M) = d(1)d(2)d(3)[1 1),

with  d<>s),

w(1)d(2) + d(1)u(2)

s(1) +

s 1,

(A5)

AT 1U1) = (D)) + u(1dR)ul3) + (UGN,
A%1L1) = (A% L) with wesd),  [EFALA) = (1AT 1)
% 114) = = [u(1)d(2)5(3) + permutation] 1)
iy [AOUE) @) B
ity = [ D) )R] 14,
) = (=[p; 1) with u<d),
' B '_ u(l)d(3)+d(1)u(3)s u(2)d(3) + d(2)u(3)
=5 M) = _ 75 (2) + Ve
o1y = [ D) ) w2) 1)),

)it
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q b 7 b
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qi‘% dL, Sy,
qL(R) dL(R)
da) Gi(L)

()

FIG. 2.

for the corresponding |B; 1] 1) parts, while the 12- and
23-symmetric parts can be obtained by permutation.

Following Ref. [34] and using the above helicity argu-
ment, asymptotically we have

(B(p)|OBB (7)) = i(p1) [* 572 F(0 (p),

> e(B'—B—B)F(1),

i=T,P; ,Pg

F(r) =

(A6)

where O are the operators in H.y. For simplicity, we
illustrate with the spacelike case. Note that the above
equation is obtained in the large #(= (p, — p,)?) limit,
where we may take a large mp limit. Quark mass dependent
terms are subleading and are neglected.

As shown in Fig. 2(a) the B'(qhu;qr)— B(g)b)—
B(u;d; q) coupling is governed by the the tree operator
(th)y_,(du)y_,. The corresponding coefficient e (B’ —
B — B) is given by

er(B'—B—B)
= (B; 11 11Qlgk(1) = ur (1);u2(2) > d 2)]|B 1L T)

+ B [Qlar(3) = ur (3);u.(2) = dL (2)][ B 1L1),
(A7)

(a) Tree, (b) penguin, and (c) electroweak penguin B’ — B — B diagrams in the asymptotic limit.

where Q[gr(1(3)) = uy(1,3);u.(2) = d;(2)] changes
the parallel spin ¢'(1(3))[1) ® u(2)|]) part of |B’; 1] 1)
to the u(1(3))|}) ® d(2)[{) part.

Similarly ~coefficients ep p (B'—B—B) for the
B'(qrqLq%) — B(q,b) — B(dLq.q%) and B'(qrqrq;) —
B(g;b) — B(dpqrq]) couplings governed respectively
by the penguin operators (db)y_,(Gq)y+4 are given by
ep,(B' =B —B) = (B; | | 1|Q[qr(1) = d.(1):9.(2)

— qr(2)][B;11)
+ (B; 14 1[Qlgk(3) = d1(3): 4.(2)
= qr(2)IIB5 1),
ep(BP—B—B)=¢p (B—B—B)=c¢p (B'—B—B).
(A8)

R

The corresponding diagram is shown in Fig. 2(b). Note
that that ep is similar to e; with the gi(1,3) — u,(1,3)
and u; (2) — d;(2) operations replaced by the g%(1,3) —
d;(1,3) and ¢;(2) - ¢;(2) operations, respectively. The
equality of ep, and ep, can be understood by inter
changing g<>¢" in B'(qzq.q%) — B(q,0) — B(d q.q%)
and B'(qgrqrq}) — B(g;b) — B(d;qrq}). The coefficients
for the |AS| =1 case can be obtained by the suitable
replacement of d; — s; in the B content in Egs. (A7),
(A8). Similarly for electroweak penguin, we have
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TABLE X. The coefficients ey »(B’ — B — B) for various modes obtained from Egs. (A7), (A8) and (A9).

B -B-B er ep epwp B -B-B er ep epwp
0 B0 — 30 1/3 2/3 1/9 A" — B~ — A 0 2/V/3 —2/3v/3
At —B~ — A0 2/3 4/3 2/9 At — B~ — %0 V2/3 2v/2/3 V2/9
ATt —B —p V2/3 V2/3 2v/2/3V3 0 B0 — A 0 —1/V6 1/3v6
AT —B"—p V2/3 V2/3 2v2/9 A* =B —n —V2/3 V2/3 —4v2/9
>+t —BY—p V2/3 V2/3 24/2/9 At —B~ —x0 1/3 2/3 1/9
p—B —A° V2/3 —V2/3 4/2/9 p—BY— A" V2/3 V2/3 2V2/9
n—B" — A" 0 —/2/3 V2/3V3 A—B0—x0 —1/V6 —1/V/6  —V2/3V3
p—B —x0 1/3 —-1/3 4/9 n— B —x0 2/3 1/3 5/9
p—B —p 1/3 1/3 2/9 p—B —n -1/3 —-5/3 2/9
n—B"—n -2/3 —4/3 —2/9 A—BY—3x0 1/V/3 1/V/3 2/3V3
30— B0 —x0 —-1/3 -2/3 —1/9 20— B0—A 0 1/V/3 —1/3V3
A—B°—A 0 0 0 n—BY'—A V2/3 V3/2 1/v6
p—B —%° 1/3v2 —1/3V2 24/2/9 p—B —A 1/v6 V3/2 0

egwp, (B'=B—B)

=0(q)[(B: 11 1|Qlgr(1)—d.(1);q.(2) > gL (2)]|B 11 1)
+ (B [QlgR(3) > dL(3):q.(2) = g, (2)][ B 1 1)),

epwp(B'—B—B)

EEEWPL(B/—B—B)ZEEWPR<BI—B_B), (A9)

where Q(q) is the electric charge of quark ¢. Note that
we do not include factor 3/2 in the above formulas. The
corresponding diagram is shown in Fig. 2(c).

By using the above equations, it is straightforward
to obtain the coefficients of various modes as shown
in Table X. Comparing these results to the decay
amplitudes in terms of topological amplitudes, we
obtain the asymptotic amplitudes shown in Egs. (38)
and (39).

APPENDIX B: INDEPENDENT
AMPLITUDES

The number of independent amplitudes are in general
less then the one of topological amplitudes. In this
appendix we express decay amplitudes in terms of
independent amplitudes. Although the physical interpre-
tations and size estimations of these independent ampli-
tudes are not as clear as the topological amplitudes, they
are useful in finding relations of decay amplitudes,
where some examples are given in Sec. III. A. Readers
can use the following expressions to work out additional
relations.

For Bq — DD decays, we have

V2A(B~ = AA%) = V3A(B~ — £+ 20)
= V6A(B~ — ZE0) = V6A,,
A(B~ = AOAY) = V2A(B~ - 2%*)
=Ar —Ap + 24,4,

A(B~ = ATATT) =V3(Ar — Ap + Ay), (B1)
A(B® - =020) = Ay,
A(B" - %) = Ap + Apy,
2A(B° - £050) = A + Ap + 24,
ABY - Q Q) = Ap,.
A(B® > ATTATT) =34, — 2Ap,,
A(BY = S E ) = 24, — Apy.
A(BY > A=A7) = 3Ap + Apy,
A(BY = SE7) =245 + Apy,
A(BY - ATAT) = Ap + 245 — Apy.
ABY > A°A%) = Ay + Ap + Ap, (B2)

and

V2A(BY - A°20) = 2A(BY — £0Z90) = A, + Ap,
2A(BY > A7) = 2A4(BY - Q)
= V3A(BY - £57) = 2V34,,
A(B) — ATE) = 4p, (B3)
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where these A7 p 4 g ps can be easily read out by comparing
the decay amplitudes to those shown in Sec. II. B. It is
important to stress that the labels 7', P, A, E, PA of these As
are for the purpose of bookkeeping, they not necessarily
correspond to tree, penguin, annihilation, exchange and
penguin annihilation amplitudes. These remarks are also
true for the following discussion. Note that there are only
five independent amplitudes for these modes.

Similarly for AS = —1 transition, we have

V2A(B~ = OAT) = A(B~ - =05+

= Al — A}, + 24,

V6A(B~ > TA%) = V2A(B~ — Q=)

= V3A(B~ - E29) = V64,
A(B~ = T ATF) = V3(AL — A + A)), (B4)
V2A(B" —» £0A%) = \/2A(B° — E050) = (A} 4 A}).
2A(BY - A7) = 2A(B° - =72
= V3A(B® » QE7) = 234},
A(B® = T AT) = A, (B5)
and
A(B > A°AD) = ABY - ATA7) = A,
2A(BY - £050) = Al + Al + 241,
A(BY - TZF) = A + Al
A(BY - ATTATT) =341, —24),,,
A(BY = ATAT) =24, — AL,
A(BY - =5 T) = AL 4+ 24}, — A,
A(B? - =Z0=0) = A% + A}, + AL,
ABY - =E7) = 24 + Ay,
A(BY - Q Q™) =3AL + A}, (B6)
There are five independent amplitudes.
For B, — BD decays, we have
A(B~ = nA") = V2(Bi7 + Bp — By),
A(B~ = Z°Z*F) = Byy — Bp,
V2B, = A(B~ - Z-E)
= V2A(B~ —» £73),
V3A(B~ — AZ*") = —2B 1 + Byy — 3Bp + 3By,

A(B~ — pA™™) = V6(Biy — Byr +2Bp — By). (B7)
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— Bp),
Bg,

A(B® - nA%) = V2(B,;

V2A(B® - 2050) = By, —

V2Bp=A(B® - X)) = A(B" » 257,

V2Bp = A(B® - £tZ*t) = A(B® — Z0=%0)
A(BO b pF) — \/E(BIT — B2T + Bp — BE N
V6A(B® —» AS0) = —2B,; + Byy + 3B, (B8)
and
BlT EA(B? el nﬁ),
2r = A(BY - £0=0),
V3A(BY - ) = A(BY > E-Q7) = V6B),
A(BY - p=*t) = V2(B\r — Byr + Bp),
V3A(B? - AZ*0) = —2B 1 + By, (B9)

where we have five independent amplitudes for these
modes. Those for |AS| = 1 transitions are given by

A(B™ - E£YATT) = —V6(B); — By + 2B}, — B)),
V2A(B~ — X°AT) = B, — By, + 2B, — 2B,
A(B~ - Z°%F) = —V2(B}, + B, — B)),
V2A(B~ - E-59) :A(B — A% = —V2B),,
V3A(B~ = AAT) = — By, (B10)
A(B" - VA7) = —V2(B); — By + B},
A(B® - 2°A% = B, — B},
A(BO N _02*0) — _BIIT’
V3A(B" » 2°57) = A(B -» £"A") = —V/6B),
V3A(B" - AAY) = —B!, — B, (B11)
and
A(B® > pA™) = A(B® - nA%) = —V2B),
A(BY — =*2*%) = —V2(B); — By + Bj, — B}),
V2A(BY - x°30) = B! . — 2B}, — B},
A(BY - T7) = A(BY > = 57) = —V2B),,
A(B? - E°20) = —V2(B}; — BY),
V6A(B? - AX*) = —B', — B, + 3B),. (B12)

056003-26

’



CHARMLESS TWO-BODY BARYONIC B, ;, DECAYS ...

For Bq — DB decays, we have

A(B~ = AB) = —V2A(B~ — =0%F)
= \/E(CIT —Cp + Cy),
A(B~ = A7) = —V/3A(B~ - B E0)
= V6A(B~ — £30)
= —\V2A(B~ - £A) =v6C,, (BI13)
A(B® > A*p) = V2(Cyr + Cp — Cp),
V2A(B® - 950 = Cyp — Cp,
V3A(BY - 237) = V3A(B" » =)
=—-A(BY - AX)
= —V3BA(B® - =) = V6C),
A(B® - THET) = A(B® —» =92°) = V2Cy,
A(B® — A%R) = V2(Cy7 + Cor — Cp),
V6A(B® = SOA) = Cyy 4 2Cyy — 3C, (B14)
and
A(BY - ATET) = —V2(Cyr + Cp),
A(B® - A'S0) = Cyy,
A(B) - 20E°) = —(Cyy + Cop),
V3A(BY = A°A) = —(2Cy7 + Cop), (B15)

where we have five independent amplitudes. Similarly, the
amplitudes for |AS| = 1 transitions are given by

V2A(B~ - =p) = —A(B~ - E%7)
= V2(Clr = Cp + ).
V3A(B~ - 2 7t) = V6A(B~ — = X0)
=-A(B~ - Q)

= —V2A(B~ - EA) = V6C),

(B16)

A(B" = £ p) = V2(Cyy + Cp),
A(B® - 2n) = Cir + Cop.
A(B® - E%0) = €},
V3A(B" - Z-57) = A(B' - Q)
—V3A(B? - £57)
= —V3A(BY - ZE7) = V6C),
V3A(B® - E0A) = —(C}y +2C)y). (B17)
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and
A(B? = A*p) = A(BY —» A%) = —V/2C},
A(BY —» X EF) = —V2(Chy + Cp — Clp),
V2A(BY - =9%0) = C)y — €,
A(BY — E0E°) = —V2(Cjy + Chy — Chp),
VBA(B? — £OA) = —(2C); + Cyy — 3C}). (B18)
For B, — BB decays, we have
A(B~ = np) = —Dip + Dp + D4,
V2A(B~ = X95F) = 2D3; — Dp — Dys + Das.
V2A(B~ - £71°) = D14 — Dy
VOA(B~ — X7A) = Dy, + Doy,
A(B~ > Z°20) = Dy,
V6A(B~ — AXF) = —2Dy7 + 2Dy;
+ Dp + Dip + Doy, (B19)

= —=Dir — Doy + Dy,

= Dig + Dy,

A(B" - S°F7) = —Dp + Dpy,

A(B —» Z020) = D,

A(B® - ZE7) = Dp,,
2V3A(BY - AX0) = —2D37 + Dy — Dog + Dpy,

6A(B° > AA) = —ZDIT —4Dy7 4 2D5p
+4Dyp + Dy + 5Dsp + Dpy,
(B20)

and

)
\/EA(B.? — n) = =Dy,
VOA(B? - nl) = 2Dy1 + Dy,
A(BY - 2°2°) = V2(Dsr + Dug),
A(BY - X°E7) = —Dp,
V3A(BY = AZ") = V2(=D7 = Dyr + Dar + Dy),

(B21)
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where we need ten independent amplitudes for these
modes. Similarly the amplitudes for |AS| =1 transitions
are given by

V2A(B~ = X°p) = =D/ + 2D%; + Dby,
A(B~ = X)) = D,
A(B~ = E'S%) = D!, + D}, + D!,
V2A(B~ - E°2%) = D},
V6A(B~ - EA) = D), — 2D},
V6A(B~ = Ap) = D) + 2D}, — 2D, — 2D/, + D),
(B22)

A(BY - =tp) =
V2A(B® — 207

— 2Dy,
— D)y, 42D}, + 2D,

— D)y + D}y + 2D}, + 2D, (B23)

PHYSICAL REVIEW D 89, 056003 (2014)
lE + DZE’
Dy,

A(BY = pp) =
)=

A(BY = =t2F) = —D)), 4+ 2D!y, 4+ D), + D},
)=
)=

A(B? - nn

2A(BY - ¥°50) = —D)), + 2D}, + D) + Dy + Dy,
2V3A(B) = X°A) = 2D, + D)y, — 4D)y, —
+D1E D/2E +DPA’

2Dy

)

) D/2T+D2E’
ABY - =ZE7) = —D}, + Db,

)=

)

2V3A(BY —» AZ’) = Dby + 2D}y + D' — Dby + Di,,
6A(BY — AA) = —2D; — D)y, — 4D’ — 2D/,
+ D}y + 5D + D), (B24)

APPENDIX C: BRANCHING RATIONS OF
BARYON DOMINANT DECAY MODES

In this appendix we collect dominant decay branching
ratios of ground state octet and decuplet baryons. The
information is shown in Table XI. They will be useful
in the discussions of the accessibility of searching of the
charmless two-body baryonic modes. We note that
() ATHO A, =7, =**, =0 and Q™ have nonsuppressed
decay modes of final states with all charged particles,
(i) AT, =0, =0, 20 and =~ can be detected by detecting
a 7° or y, (iii) while one needs to deal with n in detecting

and A~ and Z7.

TABLE XI. Branching ratios of baryon dominant decay modes [6]. The n in z""*! follows the charge of the decaying baryon.
pr* pa® pr- nat na’ nm”

ATt 100%

AT 2/3 1/3

A° 1/3 2/3

A~ 100%

A (63.9+0.5)% (48.31 +£0.30)%

>t (51.57 £0.30)% (48.31 £0.30)%

- (99.848 + 0.005)%
Ax" A]/ 2+7["_1 Zoﬂ.n 2—ﬂi1+1

>0 100%

=0 (99.525 +0.012)%

=" (99.887 +0.035)%

= (87.0+1.5)% (5.84+0.8)% (58 +0.8)%

0 (87.0+1.5)% (1.2570-3)% (58+0.8)% (58+0.8)%

D (87.0+1.5)% (5.8 £0.8)% (5.8+0.8)%
AK~ 2079 =0z~ =t =

=0 1/3 2/3

= 2/3 1/3

Q- (67.8+0.7)% (23.6 £0.6)% (8.6 +0.4)%
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