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We study the charmful three-body baryonic B decays with D®) or J/W in the final state. We explain the
measured rates of BY — npD**, B — ppD™0 and B~ — ApJ/V and predict the branching fractions of
B — ApD**, B - 3%5D** B~ — ApD®, and B~ — ApD* to be of order (1.2, 1.1, 1.1,3.9) X 1073,
respectively. They are readily accessible to the B factories.
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L. INTRODUCTION

There are several salient features of the charmless three-
body baryonic B decays B — BB’M with B being a
baryon. First, a peak near the threshold area of the dibaryon
invariant mass spectrum has been observed in many bar-
yonic B decays [1-10]. The so-called threshold effect
indicates that the B meson is preferred to decay into a
baryon-antibaryon pair with low invariant mass accompa-
nied by a fast recoil meson. Second, none of the two-body
charmless baryonic B decays has been observed so far and
the present limit on their branching ratios has been pushed
to the level of 1077 [11,12]. This means that three-body
final states usually have rates larger than their two-body
counterparts; that is, ['(B — BB’M) > I'(B — BB’). This
phenomenon can be understood in terms of the threshold
effect, namely, the invariant mass of the dibaryon is pre-
ferred to be close to the threshold (for a review, see [13]).
The configuration of the two-body decay B — BB’ is not
favorable since its invariant mass is mgz. In B— BB'M
decays, the effective mass of the baryon pair is reduced as
the emitted meson can carry away a large amount of the
energies released in baryonic B decays. Third, in the
dibaryon rest frame the outgoing meson tends to have a
correlation with the baryon or the antibaryon. Experi-
mentally, the correlation can be studied by measuring the
Dalitz plot asymmetry or the angular distribution of the
baryon or the antibaryon in the dibaryon rest frame. For
example, the proton in the dibaryon rest frame of B~ —
ppK~ is found to prefer to move collinearly with its meson
partner [3,6,8], whereas the protonand 7~ in B~ — pp7m~
move back to back most of the time [8].

While various theoretical ideas [13-20] have been put
forward to explain the low mass threshold enhancement,
this effect can be understood in terms of a simple short-
distance picture [21]. One energetic g4 pair must be emit-
ted back to back by a hard gluon in order to produce a
baryon and an antibaryon in the two-body decay. This hard
gluon is highly off mass shell and hence the two-body
decay amplitude is suppressed by order of a,/q>. In the
three-body baryonic B decays, a possible configuration is
that the BB/ pair is emitted collinearly against the meson.
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The quark and antiquark pair emitted from a gluon is
moving nearly in the same direction. Since this gluon is
close to its mass shell, the corresponding configuration is
not subject to the short-distance suppression. This implies
that the dibaryon pair tends to have a small invariant mass.

While the above-mentioned short-distance picture pre-
dicts a correct angular distribution pattern for the decays
B~ — ppm ,B- — Al pmt,and B~ — Apy [4,8,22], it
fails to explain the angular correlation observed in B~ —
ppK~ [3,8] and B~ — Ap7~ [7]. The intuitive argument
that the K~ in the pp rest frame is expected to emerge
parallel to p is not borne out by experiment [13]. Likewise,
the naive argument that the pion has no preference for its
correlation with the A or the p in the decay B~ — Apr~
is ruled out by the new Belle experiment [7] in which a
strong correlation between the A and the pion is seen.
Therefore, although the short-distance picture appears to
describe the global features of the three-body baryonic B
decays, it cannot explain the angular correlation enigma
encountered in the penguin-dominated processes B~ —
ppK~ and B~ — Apm~.

The study of the charmful baryonic B decays B —
BB’M_ may help improve our understanding of the under-
lying mechanism for the threshold enhancement and the
angular distribution in three-body decays. First, the afore-
mentioned three features also manifest themselves in B —
BB'M.. An enhancement at the low dibaryon mass has
been seen, for example, in the decay B — ppD™ [23,24],
while the Dalitz plot of B — ppD™ [24] with asymmetric
distributions signals a nonzero angular distribution asym-
metry. Therefore, B — BB/M, is a mirror reflecting the
phenomena observed in B — BB’/M. Second, since the
decay rates of B— BB'M, are 10-1000 times larger
than that of B — BB’M, in principle this will render the
detection of angular distributions and Dalitz asymmetries
in the latter easier. Theoretically, the relevant topologic
quark diagrams for charmful decays are simpler than the
charmless ones as the latter receive not only tree but also
penguin contributions. In this work, we shall therefore
focus on B— BB/M, with M, = D™ or J/¥, and our
first task is to see if we can explain the branching fractions.
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This paper is organized as follows. The experimental
data for the decay rates of B— BB/M, are collected in
Sec. II. The formulism is set in Sec. III with special
attention to various transition form factors. We then pro-
ceed to have a numerical analysis in Sec. IV and discuss
some physical results in Sec. V. Section VI contains our

conclusions.
J

Br(B® — npD**) = (14.5734 =
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II. EXPERIMENTAL DATA

In this section, we summarize the measured branching
ratios for the three-body charmful baryonic B decays B —
BB'M,:

2.7) X 10~* (CLEO),

Br(B° — ppD°) = (1.13 + 0.06 = 0.08) X 10~* (BABAR),
= (1.18 £ 0.15 £ 0.16) X 107 (Belle),
Br(B° — ppD*®) = (1.01 * 0.10 = 0.09) X 10~* (BABAR),

= (1.201933 +

0.21) X 107* (Belle),

Br(B* — ApD}) = (29 £ 0.7 £ 0.5 £ 0.4) X 107> (Belle),
Br(B~ — ppD~) <0.15 X 107* (90% C.L.) (Belle),
Br(B~ — ppD*7) <0.15 X 107* (90% C.L.) (Belle),

for M, = D™ [23-26], and

Br(B~ — ApJ/¥) = (11.6714742) X 107° (BABAR),
= (11.6 = 2.8718) X 1076 (Belle),

Br(B~ — X9pJ/¥) < 1.1 X 1073 (90% C.L.) (Belle),

2)

Br(B® — ppJ/¥) <19 X 107° (90% C.L.) (BABAR),
<83 %1077 (90% C.L.) (Belle),

for M, = J/4 [27,28]. Among various measured decay
modes, B — npD** was first observed by CLEO in 2001
[25]. Note that the decays B* — ppD° and B® — ppD*°
have similar results in rates.

III. FORMALISM

The effective Hamiltonian responsible for charmful bar-
yonic B decays reads [29]
G
H = —de,v;q,(clo1 +¢,0,) +He,,  (3)

V2

where V;; are the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements and ¢; the Wilson coefficients. The four-

quark operators O; are defined by
0, = (Gaqa)v-a(Cgbg)y_a,

3 ) @)
0, = (QaQﬁ)VfA(Cﬁba)VfA:

where (Gq;)y -4 denotes g}y, (1 — ys)q; with ¢ = d, and
s, g =u, c, a, and B are the color indices.

To proceed, we shall adopt the generalized factorization
approach [30,31] in which the vertex and penguin correc-
tions to hadronic matrix elements of four-quark operators
are absorbed in the effective Wilson coefficients ¢ so that

[
the u dependence in transition matrix elements is smeared
out:

> i)y = Y MO via. (5)

where the subscript VIA means that the hadronic matrix
element is evaluated under the vacuum insertion approxi-
mation. This approach has been well applied to the study of
three-body baryonic B decays [13,17-19,32-44].

Under the factorization approximation, the decay am-
plitudes can be classified into three different categories: the
current-type (class-I), the transition-type (class-II), and the
hybrid-type (class-III) amplitudes. The class-I current-type
amplitudes which proceed via a color-allowed, external

B %Mc
< B
Ev

(b)

B

N

b B (
B D" \\
(a)
FIG. 1. Two types of the B— BB'M, decay process:

(a) current type and (b) transition type.
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W-emission diagram as depicted in Fig. 1(a) are given by

Gr
V2

X (DW|(b)y_alB),

ﬂc(B - BB/D(*)) = VcbV;q’alD(*)<BB/|(‘?lu)v—A|0>

(6)

B — {np, > A AST, 330 305*,
B — {Ap,30p, 371, E-3°,

p—
—r

et
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with all)(*) to be specified later. By fixing ¢ = u to avoid the
charm baryon production, all possible decay modes in this
category are

]
—r

“E%DM*  for q =d,

The class-II transition-type amplitude via the color-suppressed internal W emission diagram [Fig. 1(b)] reads

Gr

V2

A 7(B— BBM,) ==LV, V: a)

with alzw” to be given later. The possible decay modes in this ¢

B~ —{np, 3 A AST, 3730 30
B~ —{Ap, 35,3 7, E 30 B

n,
for the charged B system, and

B®—{pp, AN, 737, E"E", AS’, ni, 303",
B — {A7, 07, 2+1—7, Eoio, 0[‘\’ E_E_}D(*)O(

—
-
f—

A, EOSTIDWY for ¢ = . @
(M |(Eq)y—al0OXBB'|(G'b)y_4IB), ®)
lass are
STEEY/Y for g =d, )
A EOSTY /W for g =,

337, 2020 SOAIDWO(J /W) for ¢! = d, 0
(10)

J/¥) for g =s,

for the neutral B system. The class-III hybrid-type amplitudes which consist of both the current-type and the transition-

type transitions are given by

Gr

V2

A 30(B— BB'DY) ==LV, V; {aP" (BB|(7'u)y4l0XD

The allowed modes are

B~ —{np, 3 A A3, 3730, 30

B~ —{Ap, 35,35 i, E-3° 5 A

We now can have a qualitative understanding of the data
in (1) and (2). The nonobservation of B~ — pﬁD(*)_ is
due to the fact that it proceeds via b — ucd at the quark
level. This leads to a suppression of |V,,VZ,/V., Vi |* =
10~ compared to its neutral partner. Likewise, it is ex-
pected that Br(B°— ppJ/¥)=|V.,/V.|*Br(B~ —
ApJ/¥) = 1077, consistent with the experimental upper
bound for this decay mode. As for the comparable decay
rates for B* — ppD*® and B® — ppDP, it has to do with
the baryonic form factors, which we are going to elaborate
on later.

|(Eb)y_alB) + a2 (DP|(cu)y_Al0XBB/|(G'b)y_AIB)}.

an

LB ENDYY for ¢! = d,

S+
_ (12)
A, BOSTIDMO for ¢/ = s.

A. Decay constants and form factors

To proceed, we need the information of the decay con-
stants and form factors relevant for charmful baryonic B
decays. Decay constants are defined by

(Pl@1yuysa210) = —ifp pu

<Vc|41')’,uCI2|O> = mVCfV(.SIu,)

for the pseudoscalar P, and the vector meson V.. The B to
D™ transition form factors are parametrized as [45]
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. m2 — m2 me — m2
(D|cy*b|B) = [(PB + pp) ——L p D‘]”]F?D(f) + %CI’LF(?D(I),
2VEP (1)
*] = __ * B 1
<D |C’)/Iub|B> = €upaBE Vpng* m,
(D*|¢ _ |« _€ 4 BD* € "9 BD* (19
¢y, ysb|B) =il &, — du (mp + mp )ATP (1) + i q,2mp)Ag" (1)

- i[(PB + o)y —

where t = ¢> with ¢ = pg — pp* = pg + PR
For the dibaryon creation, we write

t

my — ma,. . ABD™ (1)
uq#](s-. y—2

t m3+mD*’

_ F
(BB'|7,7,9:10) = a(pg){Fi()y, + mBii(lz/lB,iU,uqu}v(PB’),
F(t
= a(pp)ilFi(1) + Fr()]y, + mlng(r)nﬁ/(pﬁ/ - PB)M}U(PB’), (15)
_ Byt
(BB'|717,759210) = @(pp)iga(®)y, + ﬁ%qu}vw(pﬁ/),

where u(v) is the (anti-)baryon spinor, and F 5, g4, /14 are
timelike baryonic form factors. Note that there are two
additional form factors in the form of ig,v and
io,,q,ysv. However, since we assume SU(3) flavor sym-
metry, we can neglect these two form factors as they vanish
for conserved currents. The asymptotic behavior of form
factors is governed by the pQCD counting rules [46—48]. In
the large ¢ limit, the momentum dependence of the form
factors F(1) and g, (1) behaves as 1/¢> as there are two
hard gluon exchanges between the valence quarks. More
precisely, in the ¢ — oo limit

Fil) = Ct—j[ln(Ai%)]y gald) = Ct—z[ln(Aig)]’
(16)

where v =2 +4/(38) = 2.148 with B being the QCD
B function and Ay = 0.3 GeV. In the asymptotic t — o
limit, both F,(r) and h4(¢) have an extra 1/t dependence
relative to | and g, owing to a mass insertion at the quark
line [38,49,50]. However, the form factor /i, is related to
g4 by the relation

IRY)
L L a7
through the equation of motion. Hence, in ensuing numeri-
cal analysis we will keep 4 (¢) and neglect F,(f). Under the
SU(3) flavor and SU(2) spin symmetries [48], the parame-
ters Cr, and C,, appearing in 0 — BB’ transitions are no
longer independent but are related to each other through
the two reduced parameters C and Cj (see Table I).
For the three-body transition B — BB, its most general
expression reads

[
(BB'|g'y,b|B) = iu(pp)lg 1V, + 82000 + 8P,

+ 84(py + PB)y + 85(Pe — PB) 4]
X ysv(pg),
(BB'|7"y,vsbIB) = ia(p)lf1Vu + f2i0up” + f3pp
+ falpp + p)y + fs(Pi — PB) 4]
X v(pg), (18)
with p = pp — pg — pg- In principle, the form factors f;

and g; depend on not only the invariant mass ¢ of the
dibaryon, but also the invariant mass (i.e., the variable u

TABLE L. The parameters C, and C,, in Eq. (16), expressed
in terms of the combination of C) and Cj, where the upper

(lower) sign is for Cr, (Cg,).

0— Cr,(Cy,)
np 30173
E‘_[\ 1 F G
Azj =0+ %G
E__EO ﬁEC” iﬁicﬂ
2037 301 T 356
= E 5 € F3C
Ap —\/gcn
305 5501 735G
Py FCF35C;
230 0T G
Ef_A 725(:” ivlgCH
2035 * 3G 73

054016-4



CHARMFUL THREE-BODY BARYONIC B DECAYS

or s) of one of the baryons and the emitted meson. Indeed,
such a momentum dependence has been studied in the
framework of the pole model in which some intermediate
pole contributions to the three-body transition of B — BB’
are considered [13,17-19,32]. However, since the momen-
tum dependence of the transition form factors on the
variable s or u is poorly known, one approach which is
often employed in the literature is that one first parame-
trizes them in the form of a power series of the dibaryon
invariant mass ¢ and assumes that the dependence on other
variables may be lumped into the coefficients of 1/¢ ex-
pansion [36,38-41,51]. This is the approach we will adapt
in this work. Since three gluons are needed to induce the
B — BB/ transition, two for producing the baryon pair and
one for kicking the spectator quark in the B meson, pQCD
counting rules imply that to the leading order

TABLE II.  The parameters D, , Dy,, D,., and Dy, in B — BB’
transition expressed in terms of the reduced parameters D), D”,

Dfl with i = 2, 3, 4, 5, where the upper (lower) sign is for D,
(Dy,)-
B™ — Dgl(Dfl) Dg[’ _fo
np 1Dy +1D; 3D
_x 2ryi
s A £=Dy + LDy NE
S+ 2y
A3 J D) = % Dj ;D”
~50 243 i
p3 _2+ fD” F ID” TzﬁDﬁ
0 _ _ 22 i
22_0 %/'D” 3J'D|| 13_DII
Ap _\/EDII —V2Dj
05 _ 1y
2% iD= 7Dn 7z i
277 — 3D £5Dj 1D},
=—50 5 i
272 TDH TDn ey
=0 7§DII + l7aD|| P
B3, iD= 3 Dj 3D}
BO - D81(Df1) DH," _D.f,
=78} 3Dy F 3Dy —3Dj
nn 5 1. 4 ni
"5 3D+ 3Dy 3D
AA %D“ + %D’l 0
050 51y — 17y 2 1yi
%)% s D1+ 5Dy 30|
:()é(l} 0 0
AS? _ 1 — 1 - L i
S0 5501+ 55D 7D
= 3 3Ni
An —\/;D” 2D||
0 1 — 2 1
20n ﬁf)ll +?Du lsﬁDfI
n .
3p —3Dy =30y 3Dj
‘=050 _4_ 1 —_5_pi
=7 32ﬁD|| +I3J5DII ieﬁ_Dﬁ
= A 700 T 5 D0j D0
=D éD|| x %D’l 3 i
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D, D,
filt =[—3f', gi() = (19)

Just as the previous case for vacuum to the dibaryon
transition, under the SU(3) flavor and SU(2) spin symme-
tries, the parameters D, , D, D, and Dy, can be ex-
pressed in terms of the reduced parameters Dy, Dy, and Dfl
(see Table II), and the derivation is presented in the
Appendix. Interestingly, the decays B° — 3*3% and
2020 are prohibited by SU(2) spin symmetry.

Since many of the three-body baryonic B decays show
an enhancement at the low dibaryon invariant mass squared
t, low values of # produce the dominant contributions to
these decays. Recently, BABAR has measured the phase-
space corrected dibaryon invariant mass distributions for
various B — D" pp decays [24]. This amounts to measur-
ing the squared amplitude |A|? versus ¢. It turns out that the
t dependence of |A|? can be represented sufficiently by a
single 1/¢" behavior. Therefore, it is justified to apply the
pQCD counting rules valid at large ¢ to form factors at
small values of 1.

IV. NUMERICAL ANALYSIS

We need to specify various input parameters for a nu-
merical analysis. For the CKM matrix elements, we use the
Wolfenstein  parameters A = 0.807 £0.018, A=
0.2265 = 0.0008, p = 0.141, and 7% = 0.343 [52]. For
the decay constants, we use [53,54]

(fp. fos f1w) = (0.22,0.23,0.41) GeV.  (20)

Following [55], the momentum dependence of B — D™
transition form factors in Eq. (14) is parametrized as

F(0)
1 = a(q*/m3) + b(q*/mp)*
We shall use the parameters a, b, and F(0) obtained in [55]
(see Table III).
For the parameters C); and Cﬂ in Eqgs. (15) and (16) and
Table I, we use the data of e"e™ — pp, nii [56,57] to

determine their magnitudes and the decay rate of B® —
npD*" to fix their relative sign

(o Cﬂ) = (67.9 = 1.4, —216.9 = 23.5) GeV*,  (22)

F(q*) = 2

with x?/d.o.f = 1.6. As for the parameters Dy and Dy in

Egs. (18) and (19) and Table II, we employ the observed
rates of B — ppD°, B~ — ppK*~, B’ — ppK*0, and

TABLE III.  Various B — D™ form factors taken from [55].
B — D F, Fy v A A, Ay
F(0) 0.67 0.67 0.75 0.64 0.63 0.61
a 1.25 0.65 1.29 1.30 0.65 1.14
b 0.39 0.00 0.45 0.31 0.02 0.52
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TABLE IV. Branching ratios for the current-type B°—
BB/'D™* decays. The results for D* production are shown in
parentheses.

BB’ Br(B° — BB/'D™*) x 104
np 52+0.5 (145 = 1.4)
STA 03*0.1(1.3%0.2)
AT 0.3+0.1(1.3+0.2)
3-3° 0.05 = 0.01 (0.23 =+ 0.02)
305" 0.05 = 0.01 (0.23 = 0.02)
g E° 0.07 = 0.02 (0.4 = 0.1)
BB’ Br(B° — BB/D™*) x 109
Ap 3.4+0.2(11.9 = 0.5)
305 2.8 +0.7 (10.5 £2.7)
STi 5.5+ 1.4 (20.9 = 5.4)
5-30° 0.6 = 0.1 (3.0 = 0.3)
Z°A 0.2+0.1 (1.3 +0.4)
=R 1.2+ 0.1 (6.2 * 0.6)

B~ — ppm [2,3,8-10,23,24] in conjunction with the
measured angular distribution of the last decay mode to
obtain

(Dy, D) = (67.7 = 16.3, —280.0 * 35.9) GeV?,
(Dﬁ, Dﬁ, Dﬁ, Dﬁ) = (—187.3 = 26.6, —840.1 = 132.1,
—10.1 £10.8, —157.0 = 27.1) GeV*,
(23)

with y?/d.o.f = 0.8. To calculate the decay rates, we use
the relation

TABLE V. Same as Table IV except for the transition-type
B — BB/D™0 decays.

BB’ Br(B® — BB'D®™) x 104
pp 1.1 0.2 (1.0 £ 0.4)

nit 3.9+ 1.3 (5.8 =2.3)
AA 0.02 + 0.01 (0.03 = 0.02)
3050 0.10 + 0.03 (0.07 =+ 0.03)
3737 0.4=0.1(0.3+0.1)
E-E” 0.022 = 0.004 (0.012 = 0.005)
{8 0.18 + 0.05 (0.12 + 0.04)
BB’ Br(B® — BB/D®)%) x 100
Af 8.2+27(9.8+3.7)
307 0.7 =0.1 (0.6 =0.2)
Sth 1.4+ 0.3 (1.2 +0.4)
030 1.2 + 0.4 (0.7 + 0.3)
A 0.09 =+ 0.04 (0.10 = 0.04)
B3 2.2+0.7 (1.4 +0.5)
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TABLE VI. Same as Table IV except for the hybrid-type
B~ — BB/D™0 decays.

BB’ Br(B~ — BB/D™0) x 10*
np 13.0 = 2.9 (46.6 + 5.3)
STA 0.6 = 0.1 (2.6 =0.3)
AT 0.6 +0.1 (2.6 +0.3)
5730 0.3+ 0.1 (0.6 +0.1)
3057 0.3 +0.1 (0.6 =0.1)
E-5° 0.09 + 0.01 (0.6 = 0.1)
BB’ Br(B~ — BB/D™9) x 10°
Ap 11.4 2.6 (32.3 + 3.2)
30p 3.3+ 0.6 (15.2 = 2.4)
S 7.0+ 1.2 (30.2 = 4.7)
530 1.9+ 0.3 (6.2 % 0.5)
EA 0.5+0.1 (1.2*0.2)
B0 * 3.7 +0.7 (127 * 1.1)

- ﬂdmz _, dm? (24)

(2,”.)3 32M% BB’ B'M.
with my s, = (Pg + Pg)*, my, u, = (P + Py )?, and the
baryon spins have been summed over in |A|?>. The numeri-
cal results for the branching ratios are summarized in

Tables IV, V, VI, and VII, where the theoretical errors
come from the uncertainties in form factors.

V. DISCUSSION

In the generalized factorization approach, the coeffi-
cients a; and a, appearing in the decay amplitudes A,
A, and A 4 are given by [29-31]

n Ceff ‘ ‘ Ceff
a; = c§" + % + ¢ x1, a =c§" + ? + ¢ xo,

(25)

TABLE VII. Branching ratios for the transition-type B~ —

BB'J/ ¥ decays.

BB’ Br(B~ — BB/J/¥) X 10°

np 144 = 3.2

STA 0.04 = 0.02

A" 0.04 = 0.02

5730 0.29 = 0.09

305 ¢ 0.29 + 0.09

E-E° 0.37 = 0.08

Ap 11.6 = 2.9

305 0.13 + 0.02

37 0.24 +0.05

E-3° 229 +58

E-A 0.52 +0.33

=N 44.8 + 10.8
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TABLE VIII.  Branching ratios for the transition-type B’ —
BB'J/W¥ decays.

BB’ Br(B° — BB'J/W¥) X 10°
pp 1.2+02

nn 6.7+ 1.7
AA 0.0010 = 0.0004
30590 0.13 = 0.04
373 0.54 +0.16
E- B~ 0.35+0.08
(% 0.09 = 0.02
A7 10.4 + 2.6
307 0.11 = 0.02
2p 0.24 + 0.05
F030 20.6 + 4.8
E0A 0.5+0.3
= 42.1 +10.4

with (8, ¢§f) = (1.169, —0.367). Since the nonfactoriz-
able effects characterized by the ¢ty ; terms are not
calculable, we will fit them to the data. We see that a, is
dominated by the nonfactorizable term due to the large
cancellation between ¢S and ¢t /3. Hence, nonfactoriz-
able contributions to color-suppressed modes are sizable.
Factorization works if the parameters a; and a, are uni-
versal; namely, they are channel by channel independent.
Empirically, this is supported by the experimental mea-
surements [58]. Two-body mesonic B decays suggest that
a; ~ O(1) and a, ~ 0(0.2-0.3) [58,59]. It will become
plausible if ai-w" fitted from the baryonic B decays lie in the
aforementioned ranges. Indeed, the results given by

a =123=*0.19, a? =0.33 £0.04,
(26)
al' =017 +0.03,

agree with the above expectation. Hence, we shall assume
the validity of factorization in charmful baryonic B decays.
There are several salient features we learn from
Tables 1V, V, and VI: (i) B(B°— BB'D*")/
B(B* — BB'D") = 3 for class-I (current-type) decays;
(ii) for class-Il (transition-type) decays, B(B°—
BB'D*)/B(B°— BB'D’) =1 or <1, depending on
the modes under consideration; and
(i) BB~ — BB'D*)/B(B- — BB'D’) =3 for
hybrid-type decays except for BB’ = £-3°, E°S", and

E-A.
To get insight into the above-mentioned first feature, we
take BB’ = njp as an example. In the dibaryon rest frame
|

A(B° — ppD™) _ g11Bp| + f1Ep- sing, + 2g,mp (V2 p
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we have pg = —pp and pp = ppw. As the branching
fractions are dominated by the threshold effect, we can
consider the dibaryon in the nonrelativistic limit where
g, = (pg + pp)), = (2m,0,0,0) with Eg(Eg) = m.
Then we find

(BB'|7,7,,9210) = —2m(0, 1, =i, 0)F, (4m?),
(BB'|g17,754210) = —2m(1,0,0, 0)(g4(4m?)
+ hy(4m?)). 27)

However, the vacuum to BB/’ transition induced by the
axial-vector current is suppressed as hy(4m?) =
—ga(4m?) followed from Eq. (17). From Eqgs. (6) and
(14) we see that the decay amplitudes B® — npD** and
B® — npD* are governed by the form factors APP" and
FBP_ respectively. Thus the ratio of these amplitudes is
given by

A(B®—npD*™) _mp+mp Ep
A(B°— npD") 2mp  |ppl’

(28)

where we have assumed a?” = a? and taken the approxi-
mation of AP?" /FBP ~ [ inferred from Table III. Note that
since numerically (mg + myy)?/(4m?%) ~ 3, we thus have
BB — npD*t)/B(B* — npD*)~3 as the ratio
Ep/|ppl is close to 1. For heavy dibaryons, the ratio
B(B° — BB'D*")/B(B" — BB/D™) will become larger,
for example, B(B® — E~E°D**)/B(B° — E-2°D*) ~
[(mp + mp)Ep-/2mp|ppl)? = 4.2. Among the current-
type modes listed in Table IV, we notice that B — A pD**
and B® — X0pD** have the largest rates

B(B* — ApD*") = 1.2 X 1075,

_ (29)
B(B* — XpD*t) = 1.1 X 1073,
A search of them at B factories is strongly encouraged.
Note that the experimental studies of the angular distribu-
tions in the charmful cases may help solve the angular
correlation puzzle in B — A p7™ owing to the same 0 —
BB’ transition form factors appearing in both cases.
Similar to the charmless cases of B~ — ppK*~ and
B° — ppK*° [40,41], the decay rate of the class-II decay
BY — ppD* is dominated by the form factors f, and g,
defined in Eq. (18). Contrary to the D* production, the
decay B® — ppDP receives contributions from the form
factors f3 and g3 accompanied by m3. Considering the
dibaryon in the nonrelativistic limit, the ratio of the am-
plitudes reads

A(B°— ppD°)

g1Ep + f1lpplsing, + gym3,

cosf, + mp-sinf ) (30)
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This ratio is expected to be of the order of unity since g
and f terms in Eq. (30) are of the same order, and so are g,
and g5 terms.

Class-III decays will have rates larger than class-I and
class-II ones if the relative phase between a; and a, is
small so that their interference is constructive. To proceed,
we use aP?” and a?” extracted from B® — npD** and
BY — ppD*, respectively, and neglect their phases. The
results are summarized in Table VI. For example,

B(B~ — ApD®) = 1.1 X 1075,

(D
BB~ — ApD*) =32 X 1077,
which are larger than B(B° — ApD*) and B(B° —
ApD*"), respectively, by a factor of 3. It will be interesting
to test this experimentally.

As seen in Tables VII and VIII, for the baryonic decays
with a J/¢ in the final state, our prediction B(B~ —
305J/W¥) = 1.3 X 1077 is consistent with the Belle limit,
1.1 X 1073, and B(B® — ppJ/¥) = 1.2 X 10~ ° is in ac-
cordance with the BABAR limit but slightly higher than the
upper bound set by Belle [see Eq. (2) for the data]. We also
find that the decays B~ — (E-3° B~ A, EOS*, 50350,
=~37)J/¥ have branching fractions of order 107>,

As for the threshold peaking effect, while it manifests in
the decay B — ppD™° the data clearly do not show the
threshold behavior in B~ — ApJ /W (see Fig. 2). This can
be understood as follows. In the latter decay, the invariant
mass my; ranges from 2.05 to 2.18 GeV, which is very
narrow compared to the m,,, range in the B® — ppD™*°
decay. Consequently, the invariant mass distribution of
dl'/dm,; is governed by the shape of the phase space
due to the relative flat 1/ dependence within the small
allowed m; region.

Finally we notice that since the transition-type decays
share the same B — BB’ transition form factors with
B~ — ppwm~, B — ppK~, and B~ — Apy, measure-
ments for distributions/Daltiz plot asymmetries are useful
for solving the puzzle of the angular distributions in the
charmless baryonic B decays. For example, a recent Dalitz
plot analysis of B® — ppD™° by BABAR [24] shows a
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possible indication that
A¢(B® — ppD°) > Ay(B" — ppD™®) >0, (32)
where the angular asymmetry Ay is defined by [51]

d1 - dcos — [0, -4 _dcosh

— JO dcosf 1 dcosh
Ay = (33)
+1 _dI' 0 dar ’
0 dcosh dcosf + .’.71 dcosﬁdcose

which is equal to (N, — N_)/(N, + N_), where N are
the events with cosf > 0 and cosf < 0, respectively. The
above relation (32) can be explained in our model: in the
previous study in [41,51] we have predicted that |Ay(B~ —
pPK ) > 1Ag(B~ — ppK*~)| and |Ay(B~ — ppm)| >
|Ay(B~ — ppp~)|. In our model, the charmful baryonic B
decays have similar features of the angular distribution as
the charmless cases. Therefore, we believe that our model
together with the choice of the form factors will help
understand the angular correlations observed in these
decays.

VI. CONCLUSIONS

Within the framework of the generalized factorization
approach, we have studied three different types of charmful
three-body baryonic B decays with D*) or J/W in the final
state. We found that the B — BB’ form factors extracted
mainly from the data of charmless baryonic B decays can
be used to explain the measured rates of B° — ppD™° and
B~ — ApJ/W. The branching fractions of B — ApD**,
B — 3%D**, B~ — ApDP, and B~ — ApD* are pre-
dicted to be (1.2,1.1,1.1,3.9) X 1072, respectively. They
are readily accessible to B factories.
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FIG. 2 (color online).
Experimental data are taken from [24,27].

Dibaryon invariant mass distributions for B® — ppD°, B° — ppD**, and B~ — ApJ/ V¥, respectively.
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APPENDIX: RELATIONS FOR B — BB’
TRANSITION FORM FACTORS

Form factors of (BB’|gy,b|B) and (BB'|Gy,ysb|B)
can be related to each other by the SU(3) flavor and
SU(2) spin symmetries in the large ¢ limit (r — 00). As
the currents V,,(A,) = §v,(ys)b are used to create the
dibaryon and annihilate the B meson with |B) ~ |by54’|0),
we have

(BB'|V, — A,|B) = (BB'124,7,b,(bLqk — brq1)I0)
= (BB'[2g,v,(By + my)q}
=241y, (Bp + mp)q110)
= (BB'| — 2m,q.v,.4q)
+24.Y,Prarl0)

= (BB'|J,10) + (BB'|J},|0), (A1)

where J, = —2m,q,y,q; and J), =24,y ,P,q%. Note
that J, (J},) is the source of the chiral-even (chiral-odd)
current. In terms of the crossing symmetry, the antibaryon
in the final state can be transformed as the baryon in the

initial state. Then we can follow Refs. [37,38,48] to pa-
rametrize the B’ — B transition form factors as

1+ 1 -
(B|JM|B’>=2imbﬁy#|: 27/5D+ +T7'5D*]u,
1+ 1 -
(B|J,|B/) = ZiEyMﬁb[ 275 D't + T%D"]u.
(A2)

The above chiral-even and chiral-odd form factors D= and
D'* are given by

D+ = eiD” + e:_rD", (A3)

i i D'* = e”iD’ + e DL

I [

where D”(ﬂ), Dfl i are the amplitudes in which the currents

interact with a valence quark with helicity parallel (anti-
parallel) to the helicity of the baryon. The parameters e”i

and elfl—' are defined by

ejf = D (B, hlQ() + Q()IB', "),

(A4)

where the charge Q = J, with i, j, k = 1, 2, 3 numbering
the valence quarks in the baryon to be acted. Therefore,
e”i(n) is the sum of the electroweak charges carried by
valence quarks in the baryon with helicities parallel (anti-
parallel) to the baryon’s helicity. Besides, the superscript
+(—) denotes 2’ =T (]), the helicities of the initial baryon.

Take B® — pp as an example. With the helicity state of
the proton given by

PHYSICAL REVIEW D 78, 054016 (2008)

Ip, D) = Ip, D + Ip, 11 + [p, 11D
1 (1
= —{— [ZMleuT - uTuldT - dT”l"‘T]

VAING

1

NG

1
+ —6[2dluTuT - uldTuT - ulquT]}’

/6
lp. ) =(Up, D

with 1)), (A5)

we obtain

eﬂ=2@¢mm+gwmb—;

i<j

ef = 2Ap. 1120 + Q()lp. 1y =0,
i<j (A6)
ei = Dp.L1oWIp. 1)y =0,
k

et = SipT10WIn D =2,
k

for the chiral-even J w and

ey = >Ap,L10() + 0()lp, =0,
i<j
S 11060 + 0()lp. 1 =
i< (A7)
ei = dp.LIoWIp. 1)y =0,
k

+
e

el = dp.110MIp. 1) =0,
k

for the chiral-odd J L When the sums of the electroweak

charges e”i(n) derived in Eqs. (A6) and (A7) are put back

into Eq. (A2), (B|J,, + J,|B’) is given as
(BlJ,, + J,,IB) = ii{my[D) — Djlv,
+[=3D) 1y ubi}ysu
+ iﬁ{mb[%D” + %Dﬂ]yﬂ

+ LD} Iy, b (A8)

This gives the form factor relations for (BB'|gy ,b|B) and
(BB'|gy,ysb|B), which is given by

g =Dy =3Py f1=1iDy+3Dy A9)
8 = _fi = _%Dil, (l = 2, ey 5)
By the same token, we find the relation of g; = —f; holds

in all B — BB’ transition form factors.
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