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We examine the validity of the generalized factorization method and calculate the angular correlations in
the charmful three-body baryonic decays of B® — ApD®)*. With the timelike baryonic form factors newly
extracted from the measured baryonic B decays, we obtain B(B" — ApD ™, ApD**) = (1.854+0.30,2.75 +
0.24) x 1073 to agree with the recent data from the Belle Collaboration, which demonstrates that the
theoretical approach based on the factorization still works well. For the angular distribution asymmetries,
we find Ay(B° - ApDT,ApD*+) = (—0.03040.002,+0.150 +-0.000), which are consistent with the
current measurements. Moreover, we predict that Ay(B° — ppD°, ppD*®) = +0.04 + 0.01. Future
precise explorations of these angular correlations at Belle and LHCb as well as super-Belle are important
to justify the present factorization approach in the charmful three-body baryonic decays.
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I. INTRODUCTION

Recently, the Belle Collaboration has reported the
branching ratios of B® — ApD™)* along with the first
angular distribution asymmetries measured in the charmful
three-body baryonic B — BB’'M,. decays, given by [1]

B(B® —» ApD*t) = (25.1 2.6 & 3.5) x 107°,
B(B® - ApD**) = (33.6 + 6.3 £ 4.4) x 1079,
Ay(B° - ApD~) = —0.08 £ 0.10,
Ag(B® — ApD*") = +0.55 +£0.17, (1)

)
)
with the subscript § as the angle between the p and
D)= moving directions in the Ap rest frame, where A4,y =
(B, —B_)/(B, +B_) represents the angular distribution
asymmetry, with B, _, defined as the branching ratio of the
positive (negative) cosine value. The data in Eq. (1) can be
important due to the fact that B — ApD* and ApD** are
two of the few current-type processes among the richly
observed baryonic B decays, connected to the timelike
baryonic form factors via the vector and axial-vector quark
currents. Note that although B — Apz* and B~ — App°®
are related to the timelike baryonic form factors, they also
mix with the contributions from the scalar and pseudoscalar
currents via the penguin diagrams.

The decays of B’ — ApD™)~ have been previously
studied in Ref. [2], with the branching ratios predicted
to be (3.4 4+0.2) x 1078 and (11.9 £2.7) x 107°, respec-
tively, which are obviously much lower than the current
data in Eq. (1) and regarded as the failure of the theoretical
approach based on the factorization in Ref. [1]. To resolve
the problem, in this work we will evaluate the hadronic
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matrix elements from the observed baryonic B decays
directly instead of using the data of e"e™ — pp(nn)
(pp — eTe™) in Ref. [2].

Compared to the experimental result of Ay(B® — ApD~)
in Eq. (1), the measured value of Ay(B’ — Apr~) =
—0.41 £0.11 £0.03 [3] as the charmless counterpart is
unexpectedly large. Moreover, the experimental implication
of B(B® = Apr~) ~B(B~ = Apn°) ~3 x 107° [3] looks
mysterious as it breaks the isospin symmetry. Since the
decays of B® - Ap D)~ simply proceed through the (axial-)
vector currents from the tree contributions, one suspects
that | Ay(B® — Apzn~)| > |Ay(B® > ApD~)| is due to the
additional (pseudo)scalar currents from the penguin dia-
grams in B° - Apz~. Likewise, the charmless three-
body baryonic decays of B~ — pp(n~,K~) receive the
main contributions from the tree and penguin diagrams,
respectively, which may result in the wrong sign of
Ay(B~ = pprn~) = —Ay(B~ - ppK~) [4,5]. It is hence
expected that B — ppD° from the tree-level diagrams can
be more associated with B~ — ppz~. Clearly, systematic
studies of the angular correlations in B — BB'M, are
needed.

Most importantly, since the theoretical approach for the
three-body baryonic B decays depends on the generalized
factorization, according to the comments in Ref. [1], if the
calculations fail to explain the data, it will indicate that the
model parameters need to be revised and, perhaps, some
modification of the theoretical framework is required.
Note that it is also commented in Ref. [1] that the
factorization fails to provide a satisfactory explanation
for the M-p angular correlations in B~ — ppK~, B® —
pAz~ and B — ppD. However, this is clearly misleading,
as Ay(B~ — ppK~) has been well studied in Ref. [6],
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FIG. 1.

whereas Ay(B — ppD) has been neither measured exper-
imentally nor predicted theoretically.

In this report, we will study B® — ppD*)0
B - ApD™~ in order to approve the factorization
approach. In addition, we will calculate their angular
distribution asymmetries to have the first theoretical
predictions. Moreover, some of these charmful asymme-
tries will be compared to the charmless counterparts of
B~ — ppK~(n7) and B® - Apx~ (B~ — Apr°).

and

II. FORMALISM

As shown in Fig. 1, in terms of the effective Hamiltonian
for the quark-level b — cud(5) transition and the general-
ized factorization approach [7], the amplitudes of the
B — BB'M_ decays can be written by [2]

A(B® - ppD™))

G _ - _

ng pVigaz (D0 (Tu)y_4|0)(pp|(db)y_,|B°).
A(B" — ApD)")

G ) _
\/% |(Cb)V—A|BO>’

)

VepVisar (Ap|(5u)y_,|0) (DX

where G is the Fermi constant, V;; are the CKM matrix
elements, (§192)y(a) stands for g7,(rs)q2, and a;p)

ef(t) -l—ce“ /Neﬁ is composed of the effective Wilson
coefﬁments c§T defined in Ref. [7]. In Eq. (2), the matrix

elements for the D*)-meson productions through the
cu-quark currents can be written as

(D*[ey*ul0) = mp-fp-e,
(3)

(Dley*ysul0) = —if ppl.

with fpe the decay constant and pf, (¢#*) the four-
momentum (polarization). The matrix elements of the
B — D™ transitions can be parametrized as [8]

Feynman diagrams for the three-body baryonic B decays of (a) B® — ppD®)
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(b)

0 and (b) B® - ApD™+,

i m2 — m2
(DlerlB) = | (pa + po¥ =22 | 220
)
+TEZD gD (),

BD*
;8 pap/}* 2Vl (t)
pvap BFD mBerD*’

qq,,} (1 + i AP (1)

(D*|cy,b|B) =

* .

_ I, e
(D7, 75b|B) — [ -

* .

g .
+i q,(2mp-)AGP (1)
. m% — m2,.
—l{(PB +Pp)y —BID%]
ABD (1
X (8* . 2 ( ) , (4)
mpg —i—mD*

where 1 = ¢* with ¢ = pg — ppe) = pp + pg- With the
Ap pair produced from the sii-quark currents, B —
ApD™~ is classified as the current-type decay, such that
the matrix elements for the baryon pair production are in
the forms of

P _ F,
(BB'|317,920) :”{Flh +Wl%uqﬂ}v

[P+l )
=i — (pp— v,
120V my +mg P8 —PB)y
- _ hA
<BB/|411}’,475612|0>—”{9A7;¢+m61y}75% (5)

where Fi,, g4 and h, are the timelike baryonic form
factors, and u(v) is the (anti)baryon spinor. Being classified
as the transition-type decays, the study of B — ppD(*)°
needs to know the matrix elements for the B — pp
transition, which are parameterized as

(BB'|g'y,b|B) = iu[g17, + 92i0,,P" + 93P, + 944,
+ 95(Pe — PB),l7sv,
(BB'|g'y,rsb|B) = iii[f1y, + f2icp* + f3p, + fad,
+ fs(pa — pB),lv, (6)

034036-2



FACTORIZATION AND ANGULAR DISTRIBUTION ...

where p = pp —q and ¢;(f;) (i=1, 2, 3, 4, 5) are the
B — BB/ transition form factors. The momentum depend-

ences of the B — D™ transition form factors have been
studied in QCD models, given by [9]

_ £(0)
F0 =5z M )1 = 011/ M2y, + 0aP /M | ™
for f = FBP(ABP", vBD"), and by
1) = S (®)

1 —o1t/M} + 6,* /MY,

for f = FBP, ABD" and A5P", while those of F| and g, in
pQCD counting rules can be written as [10-12]

Cr t\ |7 C t\ |77
Flzt—f{“‘(ra)] ’ QAZT?[I“(A—(%H - 0

where y =2.148 and Ay =0.3 GeV. Note that h, =
Cy,/ 2 [13] is in accordance with the violated partial
conservation of the axial-vector current, whereas F, =
Fi/(tIn[t/A3]) [14,15] is small enough to be safely
neglected. According to the principle of pQCD counting
rules, one gluon to speed up the spectator quark within the
B meson is required in the B — BB’ transition, which
causes an additional 1/t to F, and g4, such that the
momentum dependences of f;(g;) can be written as [16]

Dfi

AO="0 atn=" o)

Pe

Furthermore, while the SU(3) flavor symmetry can relate
different decay modes, the SU(2) spin symmetry can
combine the vector and axial-vector currents to be the
chiral currents. Consequently, one gets the baryonic form
factors to be [2,10-13,16,17]

3 I
Cp, =Gy, = _\/;CII’ Ch, = _%(CD +3Cr).
12 I
Dyr) =3P F301 Dy =F3D,

3 3
Dgl(fl) = _\/;DH’ ng(fj) :F\/;D{l’ (11)

with the constants Cy, Cpr), Dy- and D) (j = 2,3, 4, 5)
to be determined. Note that the relation for C),, is simply
from the SU(3) symmetry.

To integrate over the phase space of the three-body
B — BB'M, decays, we use [6,18]
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1/2 1/2

+1 mp—m
/ /B PN\ APdidcos o, (12)
(my+mp)? 87[ )

where f,=1—(mg+my)?/t, A, =mp+my, +1*=2my 1—
2myt—2my, my, the angle @ is between the B and M.
moving directions in the BB’ rest frame, and |A|* is the
squared amplitude of Eq. (2) by summing over all spins.
Note that the B(B’) energy is given by

m%—kt— :Fﬂl/z 1/2<:056? 3
Egnny = .
B(B") 4mB (13)

From Eq. (12), we define the angular distribution asym-
metry:

1
A 0+ aicostCOS(9 foldg{stcosa (14)
0= dcos@ + [°, L dcosO’
0 dcos& 1 dcosf

where dI'/dcos® is a function of cos@ known as the
angular distribution, which presents the M. — B’ angular
correlation in B — BB'M...

III. NUMERICAL ANALYSIS

In our numerical analysis, the theoretical inputs of the
CKM matrix elements in the Wolfenstein parameterization
and the decay constants for D) are given by [19,20]

(Vops Vi Vis) = (A2, 1= 22/2.2),
(1. A.p.n) = (0.225,0.814,0.120 = 0.022,
x 0.362 4+ 0.013),
(fp.fp-) = (204.6 £ 5.0,252.2 + 22.7) MeV.

(15)

In Table I, we adopt the B — D) transition form factors
from Ref. [9], in which no uncertainty has been included.
As mentioned earlier, the decays of B - ApD* and B —
ApD* belong to the current-type modes, described by the
timelike baryonic form factors via the vector and axial-
vector quark currents. Note that B - Apz* and B~ —
App° are also connected to the timelike baryonic form
factors, but dominated by the additional ones via the scalar
and pseudoscalar currents. With the extraction by the data
from the current-type baryonic B decays [13], F| and g, as
the timelike baryonic form factors can be given. Because
the B — pp transition form factors in B® — ppD™)° are
related to those of the charmless B — ppM with M = K*),
z(p) and the semileptonic B~ — ppe D, decay, the
extractions of f;(g;) are also available [2]. It is hence
determined that
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TABLE . The form factors of B — D®) at r = 0 in Ref. [9]
with Mp = My = 6.4 GeV.

B— D  FEP pED  yBDT ABDT ABDT o ABD
£(0) 0.67 067 076 069 066 062
o1 057 078 057 058 0.8 1.40
0y 0.41

(Cy,Cp,Cr) = (111.4 £ 14.6,-6.8 £ 2.0,
x 2.3 +0.9) GeV*,
(D), Dj) = (36.9 £45.9,-348.2 £ 18.7) GeV?,
(Dﬁ, Dﬁ, D‘ﬁ, Dﬁ) = (—44.7 £30.4,-426.7 £ 182.5,
x 4.3 £20.2,135.2 £ 29.4) GeV*.
(16)
In addition, a; and a, are fitted to be

a; = 1.15+0.04, a, =040+£0.04. (17)

As aresult, we can reproduce the branching ratios shown
in Table II. It should be pointed out that the main reason for
the underestimated breaching ratios of B — ApD™)~ in
Ref. [2] is due to the small values of F| and g, extracted
from the data of e*e™ — pp(nit) (pp — e*e™), which are
in fact related to the electromagnetic form factors of the
proton (neutron) pair without taking into account the time-
like axial structures, induced from the weak currents due to
W and Z bosons. However, in this work, we take the data
from the current-type baryonic B decays as used in Ref. [13],
which explains why the data in Eq. (1) of B(B® — ApD)7)
can be explained. With the current precise data for the axial-
vector current already, future new data should not change
our present fitting parameters very much.

In the table, we also show our predictions of the angular
distribution asymmetries. In particular, our result of
Ay(B® - ApD™) = —0.030 £ 0.002 is consistent with
the data in Eq. (1) [1], which shows that the unexpected
large center number of Ay(B° — Apr~) = —30% either
will be a much smaller value in future measurements or is
due to some unknown sources through the (pseudo)scalar

TABLE II. Our results for the decay branching ratios and
angular distribution asymmetries, where the data are from
Refs. [1,20,21].

Decay mode Data Our results
10*B(B° — ppD°) 1.04 £0.07 1.04 £0.12
10*B(B° — ppD*?) 0.99 £0.11 0.99 £ 0.09
10°B(B° — ApD~) 251 £044 1.85 £ 0.30
10°B(B° - ApD*~) 336 £0.77 275+0.24
Ag(B® = ppDP) = +0.04 £ 0.01
Ag(B® - ppD*?) e +0.04 £ 0.01
Ay(B° — ApD™) —0.08 £0.10 —0.030 £ 0.002
Ay(B® - ApD*) +0.55 £0.17 +0.150 £ 0.000
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currents from the penguin diagrams. It is interesting to note
that our prediction of Ay(B° — ApD*~) = 0.150 & 0.000
is large, but it is still lower than the data of (55 £ 17)% in
Ref. [1]. Note that the small uncertainty of our prediction
results from the elimination of the timelike form factors by
Eq. (14). The reason why the decay of B — ApD*~ can
lead to a considerably large Ay = 15% is that, being one of
the B — D* transition form factors in Eq. (4), the VA" term
with €,,,4 is able to relate F'; and g4 from different currents,
such that V8P APP'Fig,(E; —E,) can arise with
Ep — E, o< cos 6. It is important to point out that in future
experiments, our prediction of Ay(B° — ppD®) = 0.04 &
0.01 can be used to check if there is a simple relation between
BY - ppD°and B~ — ppn~, which are both dominated by
the tree-level contributions. In addition, we remark that our
results are based on the form factors in Table I without any
uncertainty included. If there are some possible errors, our
fitting values for the angular distributions could change.

IV. CONCLUSIONS

We have revisited the charmful three-body baryonic
decays of B® — ApD™)*. With the timelike baryonic form
factors newly extracted from the baryonic B decays instead
of ete">pp(nin) (pp > eTe”), we have found that
B(B°—>ApD*,ApD*")=(1.85+0.30,2.75+0.24)x 1073,
which agrees with the data in Eq. (1) from the Belle
Collaboration [1]. This agreement has demonstrated that
our theoretical approach based on the factorization is still
valid. Clearly, the revision of model parameters and the
modification of the factorization approach are not required,
unlike the statement in Ref. [1].

We have also studied the M.-B’ angular distribution
asymmetries in the charmful baryonic B decays of B—
BB’M,. Explicitly, we have obtained Ay(B° — ApD™,
ApD*t) = (=0.030 £ 0.002, +-0.150 + 0.000), which are
consistent with the current data. In addition, we have
predicted that Ay(B° — ppD°, ppD*®) = +0.04 £ 0.01.
We believe that future precision measurements of
Ayg(B = ppD™, ApD™) could be used to compare with
the charmless counterparts of Ay(B~ — ppK~(z~)) and
Ag(B — Apr). Tt is expected that the differences between
the charmful and charmless cases, such as Ay(B° —
Aprn~) =—-41% and Ay(B° - ApD~), would originate
from different contributions at tree and penguin levels.
Clearly, it is worth closely examining A,(B — BB'M,) at
Belle and LHCb, as well as at the future super-Belle facilities.
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