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Exclusive nonleptonic B — VV decays
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The exclusive two-body nonleptonic B — VV decays are investigated, within the factorization
approximation, in the relativistic independent quark model based on a confining potential in the scalar-
vector harmonic form. The branching ratios and the logitudinal polarization fraction (R; ) are calculated
yielding the model predictions in agreement with experiment. Our predicted CP-odd fraction (R, ) for
B— D*DTS) decays are in general agreement with other model predictions and within the existing

experimental limit.
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L. INTRODUCTION

The nonleptonic weak decay of B mesons is important as
it provides a good opportunity to probe the interplay of
QCD and -electroweak interactions, to evaluate the
Cabibbo-Kobayashi-Maskawa (CKM) elements like
“V,.” and “V,,,” and to study the CP violation to find
possible hints for any new physics beyond standard model
(SM). The mechanism of these decays, however, is still not
clear in the SM framework. The problem essentially lies in
the calculation of transition amplitude where one needs to
evaluate the matrix element of the local four-quark opera-
tors in the nonperturbative QCD approach. Various ap-
proaches within the factorization approximation [1-5]
have been employed to evaluate the transition amplitudes
and explain existing data in the B — PP, PV, VV decay
channels within the limitation of the method.

If weak annihilation contributions are ignored, the
analysis of such decay is simplified by using the factoriza-
tion hypothesis in which the hadronic matrix element of the
local four-quark operators is factorized into two single
current matrix elements: one connecting the parent B
meson with one of the daughter mesons and the other
connecting the vacuum with the second daughter meson.
The analysis of two-body nonleptonic weak B decays is
thus reduced to the evaluation of the relevant meson form
factors parametrizing hadronic matrix elements as in the
case of semileptonic decays and the meson decay constants
describing the leptonic decays. This makes the factoriza-
tion hypothesis an appealing assumption for analyzing
these decays. Theoretical developments based on the
QCD approach in the Nl — 0 limit [6], Bjorken’s intuitive
argument based on color transparency [7], and the heavy
quark effective theory [8] have justified the factorization
approximation in energetic nonleptonic B decays of B —
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PP, PV type. In such decays, the strong interaction effects
such as the final state interactions and rescattering of final
state hadrons, as well as the renormalization point depen-
dence of the initial and factorized amplitudes, have been
shown [9] to be marginal. Similar arguments, however,
may not hold up well in analyzing B — V'V decays involv-
ing two vector mesons in the final state.

In B — V'V decays, the strong interaction effects can not
be considered negligible when both the mesons in the final
state are heavy and are expected to be in the region close to
the zero recoil. Contributions to these decay rates come
from both the longitudinal and transverse polarization
fractions which can be measured in the experiments. It is
also known from the naive counting rules based on the
factorization approach that the longitudinal polarization
dominates the decay rate and transverse polarization is
suppressed. In fact much attention has been paid in the
literature to the two-body charmless hadronic B decays,
but there has been relatively less discussion on the B —
V'V decays with one or both charmed vector mesons in the
final state. The two charmed meson decays of B mesons are
of special interest as they provide valuable information
which is different from the light meson productions. For
example, CP asymmetries in B — D**D*~ play an im-
portant role in testing the SM and exploring new physics
beyond SM. Moreover, these decays are ideal modes to
check the factorization hypothesis, as the phenomenon of
color transparency applicable to the light energetic hadrons
is not valid in these cases. The recent data from the
BABAR and Belle collaboration experiments [10,11]
have produced considerable theoretical interest in these
decays. Since the decay branching ratios (BRs), CP asym-
metries, and the polarization fractions of B — D*D* and
D* D} have been partially observed in the experiments, it is
timely to examine the B — VV decay modes in more de-
tail. In fact these decays have been studied in the past by
various models including Bauer-Stech-Wirbel (BSW) [1],
the QCD factorization approach [4], the improved
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Bouckaert-Smoluchowski-Wigner model [12], the relativ-
istic quark model [13], the constituent quark model (CQM)
[14], the light front (LF) QCD [15], and the heavy quark
symmetry (HQS)[16]. Some of the predictions were found
to satisfy the requirement of the heavy quark effective
theory [17]. Recent studies by Cheng et al. [15], Luo and
Rosner [18], Chen et al. [19], Datta and O’Donnell [20],
and Thomas [21] have predicted B — V'V decays in rea-
sonable agreement with that of the improved Isgur-Scora-
Grinstein-Wise (ISGW) model [22] and the experiment.

We have used the factorization hypothesis to analyze
successfully B — PP, PV in the relativistic independent
quark model (RIQM) based on the confining potential in
the scalar-vector harmonic form [23]. The model in its
earlier applications has also predicted successfully a wide
ranging hadronic phenomena in the light and heavy flavor
sector [24,25]. In this paper we would like to extend the
applicability of the RIQM model and predict, within facto-
rization approximation, the B — V'V decays with one or
both of the charmed vector mesons in the final state in
comparison with existing experimental data and other
model predictions.

The paper is organized in the following manner. In the
following section we provide the general remarks on fac-
torization hypothesis and nonleptonic decay amplitudes. In
Sec. III we describe in brief the RIQM-model framework.
In Sec. IV we obtain model expressions for the weak form
factors and that of the polarized transition amplitudes. We
discuss the numerical results in Sec. V. Section VI em-
bodies our summary and conclusion.

II. GENERAL DEFINITIONS AND
FACTORIZATION

In the factorization approach, the decay amplitude for
the two-body nonleptonic decays B(bq) — X(q3")Y(q,3,)
can be approximated by the product of one particle matrix
element [1,13,23] such as

(XY|H.|B) = % VsVl ()Y 1I410XX1, | BY

+ a)(uXXIJ#|0XY [T, |B)], (1
where, G is the Fermi constant, V,;, and V, .. are CKM-
matrix elements, J, =V, —A, = g'y,(1 — y°)b is the
vector-axial vector current, and a;(u) and a,(u) denote

the strength of interaction expressed in terms of the Wilson
coefficients as

1
ay(p) = Ci(p) + ﬁcz(ﬂ);
c
] 2
ar(p) = Cy(p) + FCI(M),
c
where N, is the number of colors (N, = 3).
In the general case, the renormalization point u depen-
dence of the product of current operator matrix elements do
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not cancel the u dependence of a;,(u). Thus nonfactor-
izable contributions to Eq. (1) must be present in order to
make the physical amplitude renormalization scale inde-
pendent. In the present analysis as in Ref. [21], the non-
factorizable vertex, penguin, and hard spectator corrections
are thought to be incorporated into the effective Wilson
coefficient a; (i = 1, 2). The coefficient a; varies from
process to process but only less than about 1%
[1,13,18,21]. It is, therefore, a good approximation to
take a; = 1.05 and a, = 0.25 for all processes.

In QCD factorization, in the heavy quark limit and to
leading order «j, the current-current amplitude can be
factorized into a product of two single quark currents, if
weak annihilation contributions are ignored. We neglect
here the so-called W exchange and annihilation diagrams;
since in the limit My, — oo, they are connected by Fiertz
transformation and are doubly suppressed by the kinematic
factor of the order (M%/M3) [6]. We also discard the color
octet currents which emerge after the Fiertz transformation
of color-singlet operators. Clearly these currents violate
factorization since they can not provide transitions to the
vacuum states.

The matrix element of the weak current J, between
meson states has the covariant decomposition

(X 1A, |B)=f(g*)€, + a,(g*) (€ .Pp)(Pg + Px),
+ a—(qz)(E*'PB)(PB - PX)M’ (3)

<X | V,u, | B> = lg(qz) e,u,vpa E$V(PB + PX)p(PB - PX)(Ty
“
where € is the polarization vector for the meson X. With 4-

momenta ¢ = (E, 0, 0, ||) and mass My, the polarization
vector is taken in the form

1
2

The matrix element of the current J# between the vac-
uum and final vector meson state in the covariant form is
parametrized by the meson decay constant fy as

o
*

1
€ (0; + 1; _i) O): GZL = M_(lﬂ-ﬂ, 0’ O; E) (5)
X

In the factorization approximation there are three classes
of possible diagrams for B meson nonleptonic decays as
shown in Fig. 1 which can contribute to the decay ampli-
tude. Figure 1(a) represents ‘“‘class I”’ transitions, such as
B — X~ Y*, where only the term with a; in Eq. (1)
contributes, and both the final state mesons are produced
by charged currents. Figure 1(b) represents ‘‘class II”
transitions such as B® — X°Y?, where only the term with
a, in Eq. (1) contributes, and both the final state mesons are
produced by neutral currents. Fig. 1(c) represents
“class IIT”’ transitions such as BT — XY™, where both
the terms can contribute coherently.
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FIG. 1. Quark level diagrams for B meson nonleptonic decays.
For the color favoreq general—type tree Qe.cay B(bg) — A= —fyMy(f + 2glG|Mp)
X (gg")Y ™" (q,g,) pertaining to class I transition, the decay B .
rate can be written as A_y = —fyMy(f — 2glG|Mp)
. 1
- . Ay =2 e+ s a3+ 15— m3)
_ YUr o ) 14 2 X B
F——167Ta1|Vq/bVqlq2| M—%Iﬂll , (7)

where ¢ is the recoil 3-momenta in the rest frame of B, and
M is the B meson mass. | A |? is the sum of the squares of
the polarization amplitudes A ; = (Y|J#[0)X|J,,|B) such
that

AP =S |41 ®)
J

Here we use the notation j = + —, —+ or I, where the
first and second label denote the helicity of the X and Y
meson, respectively.

The polarized amplitudes A ; are related to the weak
form factors f, g and a,, and the decay constant
fy (3)—(6). The resulting relationships for positive, nega-
tive, and longitudinal polarization, respectively, of the
daughter meson X are obtained in the straightforward
manner as

X (M3 + M3 — M§)} + 2a+|c7|2M§:|. 9)

Here,

a1 — [<M§ + M3 — M%)z 3 M2]1/2
2My Xl

For predicting the decay rate I'(B — VV), one needs to
calculate the relevant weak form factors in a suitable bound
state model. Before calculating the form factors in the
RIQM, we describe the brief outline of the model frame-
work in the following section.

III. MODEL FRAMEWORK

The model framework based on the relativistic indepen-
dent quark model has been described earlier to analyze the
decays of hadrons in the light as well as heavy flavor sector
in their annihilation mode [23-25]. However, for the sake
of completeness, here we provide a brief outline of the
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same. In this model, the decaying meson such as B%(bd) is
represented by a suitably constructed definite momentum
and spin state | B(p, Sg)) in the form of a momentum wave
packet reflecting the momentum and spin distribution of its
constituent antiquark “b” and quark “d” as

73
S (A A f PPy
VN(p) /\,,z,)\:d

X 83(py, + Py — P)Gs(Pp Pa)
PN 2t
X bE (B, A)by Py, Ay) | 0), (10)

| B(, Sp)) =

where l;:r,(ﬁd, A,) and Z;Z (Pp, Ap) are the quark and anti-
quark creation operators, respectively. ,f 4(Ap, Ay) stands
for the appropriate SU(6)-spin flavor coefficient for the
meson B(bd). N(p) is the meson-state normalization factor
which is realized from (B(p) | B(p")) = 6% (p — p’) in the
integral form as

N(p) = [ PylGaln b — PP (A1)

Finally, Gg(p,, ps) represents the effective momentum
distribution function for the quark-antiquark pair inside
the meson bound state which is taken in the form

G 5By Pa) = [Gua(Pa)G ()12 (12)

Here G ,(p,) and G,(p,) are the momentum probability
amplitude of the bound quark (d) with momentum p, and
antiquark b with momentum p,, respectively. The bound
quark and antiquark (db) inside the meson core are in fact
in definite energy states with no definite momenta.
However, it is possible to extract the momentum probabil-
ity amplitude of the bound quark and antiquark inside the
meson core from the respective quark-antiquark orbitals
derivable in the relativistic independent quark model. In
this model, the meson is pictured as a color-singlet assem-
bly of a quark-antiquark (db) independently confined by an
effective and average flavor independent potential of the
form [23-25] U(r) = 5(1 + y°)(ar® + Vj). It is believed
that the zeroth order quark dynamics generated by the
phenomenological confining potential U(r) can provide
an adequate tree level description of the decay processes:
B — VV. With the potential U(r) built into the zeroth order
quark Lagrangian density, the ensuing Dirac equation ad-
mits static solutions of the positive and negative energy in
zeroth order, which for the ground state meson can be
obtained in the form

J A =

1 ig([(r)
Jan &.?;q(r) x(A,)

o) 1 i(6.7)fy(r)
¢q7 (7, /\q) = = g ?r) /\7(/\11):
Va4 S

where the spinors are

13)
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=) =it and x=(7)= iz

The reduced radial parts as the upper and lower compo-
nents of the quark orbitals in Eq. (6) can be realized in this
potential model as

2
=0 (ol 2)
q

N r\2 r?
£ = =2 (L e~ 5)
®4T0g \Tog 2r0q

where the quark binding energy E, in the meson ground
state is derivable from the bound state condition (Eq +
m)E, —m, — Vo)* = 9a. With E, = (E, — %), m} =
(m, + %), w, = (E, + m,), and ro, = (awq)*l/“, the
normalization factor /N, appearing in Eq. (7) is obtained
in the form

(14)

8w, 1
Jrro, GE, + ml)

N 5 = (15)
Then, by taking suitable momentum space projections of
the bound quark-antiquark orbitals in Egs. (13) and (14), it
is straightforward to obtain the momentum probability
amplitudes G ,(p,) and G,(p,) in the form

. AimN [ epy) /2 - Dy
Gu(pa) = Ty I:Ed(ﬁd)] [Es(Pa) + E4] CXP( E)
-~ . —im N, T €,(p,)71/2 R
Gy(pp) = 2abwbb I:EZ((;[;))] [Ey(Py) + E,]

exp ta,) (16)

Here Eq(ﬁq) = '\’[3(2] + mg/, Eq(ﬁq) = (Eq(];q) + mq) =

€, and o, = @ We may point out here that although

3-momenta conservation at the composite level of the
meson has been ensured through 8% (p, + p, — p) in
the expression for the meson state | B(p, Sg)) in Eq. (10),
the energy conservation Ez = E,(p;,) + E;(p,) at the me-
son level is not so explicit here. This is, indeed, a patho-
logical problem common to all such models attempting to
explain the hadron decays in terms of constituent level
dynamics in zeroth order. However, it is quite reassuring
to note here that the effective momentum profile function
Gs(Pp, Pa), defined through Egs. (12) and (16) in our
model, somehow ensures the energy conservation in an
average sense satisfying Egp = (B(p, Sp)I[E,(p,) +
E (p)]|B(p, Sg)) which was shown in our earlier works
[26] in the context of radiative leptonic decays of the B,
meson in the present model. However, this point will be
illustrated further in the present context for |B(p, Sp)) in
the appropriate section hereafter.
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Now with this phenomenological picture showing de-
tailed dynamics of the constituent quark and antiquark in
the meson bound state, we would extract the model ex-
pressions for the weak form factors, polarized amplitudes,
and the decay width in the following section.

IV. TRANSITION AMPLITUDE AND DECAY
WIDTH

As discussed earlier, the transition amplitude for the
B — VV decay mode can be calculated from any of the
three diagrams in Fig. 1 depending on the decay process
under investigation. Let us consider B — D*~ D** decay
which represents the class I transition shown in Fig. 1(a).
At the constituent level this process is pictured as the decay
of antiquark 5 with 4-momenta p, inside the meson state
|B(p)) to antiquark ¢ with 4-momenta p,., which along
with the spectator quark d with 4-momenta p; hadronize to

the meson state ID**(E». In the process, the externally
emitted W boson with 4-momenta ¢ decays to a quark ¢
and an antiquark § with 4-momenta p’. and p’, respectively,
which subsequently hadronize to the other meson state
|Di*(g)). Considering the factorization hypothesis (1)
and using the appropriate meson states |B(p)) and
|D*~(k)), the S-matrix element for the process can be
obtained in the form

Sp = —i% Vi Vesah'* H, (17)
where
h'# = (D5 (g)|J#10) (18)
and
Hi, = (D" (k)] |B(p))
_ 1 1 dp,
O Ny PN () 7 2B By)2E By + D)
X Gp(pp, a)Gp Py + & pa)
X 8W(p, = pe = pb = PIXSp-17,.1Sp).  (19)
Here  Ey(py) =qfp,? +mj and  E(p, +F) =

V(P + k)? + m? stand for the energy of the nonspectator

quark of the B and D"~ meson, respectively. (Sp--[J,|Sp),
which symbolically represents the spin matrix elements
due to vector-axial vector current, is given by

Sp 185 ="> BN AP (A, ADU(By + K, A,)
ApoAe g
XY, (1= )Up (B Ap),
where the free particle spinors U,(p,, A,) are taken in the
form

(20)
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. . x(Ag)
Ug(Pg Ag) = Veq(pq)(ﬂx(qu)>

€(p,)

(20
with

x=-x0=(y) x0=x0=(})

It may be noted here that in the present model, the
energy conservation at the composite level is expected to
be satisfied in an average sense through the momentum
distribution function Gg(pp, py) and  Gp—(p., Pa).
Therefore we may assume Egz = E,(p,) + E;(p;) and
Ep = E.(p, + k) + E4(p,), which together with the 3-
momenta conservation p = p, + p,; and k= (P + Pa)
ensured by 8%(p — p, — py) and 83 (k — p, — p,) appear-
ing, respectively, in the meson states |B(p)) and |D* (k)),
can enable us to write p = (p, + py) and k = (p. + p,).
With this assumption, we pull out 6 (p, — p. — p. —
ps) appearing in S;; (17) from the quark level integral in
the form 6% (p — g — k) that ensures the desired 4-
momenta conservation in the decay process. Then we can
write

= 77.4 4) _ —i . 1 L
S = @me9(p — g — I mﬁ]];[((zw)s/z JE>

(22)

We may further point out that the normalization factors
1

1 1 . ..
Jor JomE and \/7(27r)3250$+ for the initial and final

meson states do not appear automatically in the kinematic
expression (22) for S;;. We, therefore, incorporate these
factors by adequately compensating the same in the nu-
merator. The compensating factor \/2E2Ep+ relevant for
the matrix element 5—[& = (D*_(lz)IJMIB(ﬁ)) is then
pushed inside the integral as
V2AE(Py) + E4(paN2Ec(pe) + E4(pg))  under  the
same assumption of the energy conservation mentioned
earlier to be expressed hereafter as u- The factor
J2Ep:+ together with (D**(k)|J*]0) defines the covariant
matrix element which can be parametrized as
(Mp+ fpr+ 6*Dl;+)' Thus realizing the meson level S-matrix

element for the decay process in the desired form, the
corresponding invariant transition amplitude in the rest
frame of the B meson is extracted as
Gr
Mfi = EV;,L.VC‘YCIIJ’ZL
Here A = h*J{, represents the polarized amplitude
with

(23)

ht = \2Epe WM = Mpes fpe€,(G, A),  (24)

and the hadronic term FH u 18 obtained in the form
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1 1 dp,
M 2 3/2 > . > >
@Y NG OND (87 2y (5y)2E 5y + )

X Gg(Py, = Pp)Gp (P + k= Pp)

XA2Ey () + Ea(— po)2E(py + B) + Ea(— )
X (Spe-17,1S5). (25)

Now applying the usual spin algebra to calculate the spin
matrix elements (Sp-|(V,, — A,)|Sg), it is easy to check
that the matrix element due to the vector current provides
nonvanishing spacelike contribution. However, the contri-
bution of the matrix element due to the axial vector current
is both spacelike and timelike. The nonvanishing contribu-
tions obtained separately due to the vector and axial vector
currents are found in the following form:

H ;=D (k) | V; | B(0))

—i [ s Q (B Es(By) + my)@ (K A) X D),
(26)

Hy= (D*~ (k) | Ao | B(0))

—- [ A3 Q)@ E N B, @D

3= (B 141 BO) = — [ R(B)EE ),
(28)

when

° (ﬁb):\j[Eb@b) + Ef=Py)Epo + )+ Eu(=5)]
Ny (O)N - (k)

Gy Py, —Pp)Gp—(Pp + k, —Py)

VEsBoE(By + R)Ey(By) + mp)Ec(py +F) +m,)
(29)

X

and

R(py) = Q(pp)Ey(py) + mp)E.(py + k) + m,)

_—
X [1 - - Do ]
3(Ey(py) + mp)(E.(p,, + k) + m,)
(30)

These model expressions are compared with the corre-
sponding expressions from Egs. (3) and (4), which yield
model expressions for the relevant weak form factors in the
form

1

2y —
g(q”) W,

[ dpy0BEBy) + my). (31
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fl = - f dpyR () (32)
and

a+(q2) = a_(qz)
- —ﬁ[(m [ dpnotin ~ [apRn]
(33)

We then find the polarized amplitude squared | A ;| from
Eq. (9) and carry out the polarization sum Y ;|A ;|2
Finally, we integrate over the final particles (D*~, Di%)
momenta to obtain the expression of the decay width
I'(B— D*~D%") in the B-rest frame from its generic ex-
pression,

1 [ dkdg
(277')2 2MB2'ED*7 2ED;=+
X8W(p—k— @S IMuP  (34)

I'(B®— D" D;") =

in the forms (7)—(9). The magnitude of 3-momenta transfer
G appearing in the final expression for helicity amplitude
squared in I'(B® — D*~D*") is fixed by the argument
factorization of the energy delta function as

M3 + Mp.- — M7..\2 1/2
gl = s — M3, . 35
= oM, ) v " o9

The class II transitions [Fig. 1(b)] such as B — D*0K*,
are described at the constituent level as the decay of
antiquark b to another antiquark with the internal emission
of the W boson, which subsequently decays to a pair of
quark-antiquark. Three constituent particles so emitted in
the process along with the spectator quark d of the parent
meson finally hadronize to two vector mesons by two
neutral currents. The transition amplitudes of these decays
are derived from the factorized amplitudes associated with
the effective Wilson coefficient a, instead of a;. The
class III transitions of the type BT — D*%p*, however,
involve the antiquark b decay with both the external and
internal W emission as shown in Fig. 1(c). In these decays
the contribution from both the diagrams, in principle, add
up at the amplitude level to give the transition amplitude.
However, for some specific channels in the class III tran-
sition like B* — D**D** the factorized amplitudes asso-
ciated with a; only contribute as the diagram
corresponding to the a, term is not kinematically possible.
The decay width expression for all other B — V'V channels
belonging to class I, class II, and class III transitions can be
obtained from Eqs. (7)—(9) through (29)—(33) by replace-
ment with appropriate flavor degrees of freedom, quark
masses, meson masses, meson decay constants, and the
effective Wilson coefficient a;.
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V. RESULT AND DISCUSSION

For numerical calculations, we take the potential pa-
rameters (a, V) and the quark masses along with the
corresponding quark binding energies as in Refs. [23-26],

(a; Vo) = (0.017 166 GeV?; —0.1375 GeV)
(m, = my; m;) = (0.07875 GeV; 0.31575 GeV)
(me;my) = (1.49276 GeV;4.77 659 GeV)
(E, = E;;E,) = (0.47 125 GeV;0.591 GeV)
(E.;E,) = (1.57951 GeV;4.76633 GeV).  (36)

We take into account the central values of the CKM
parameters, the half life of BY and B*, and the observed
meson masses from the Particle Data Group [27] as

(Vups Vs Vog) = (0.0412; 1.04;0.23)
(Vs Vs Vi) = (0.00393;0.2255;0.97 418)
(7505 75+) = (1.530 ps, 1.638 ps)
(Mgo; Mg+) = (5.2795 GeV;5.2791 GeV). (37)

In the absence of reliable experimental data for the meson
decay constants, we take their values equal to the corre-
sponding pseudoscalar meson decay constants obtained
earlier in the present model [28] in GeV units as

fp =022 fx=fx =0.157;
fp=fp =0161;  fp = fp: =0.205.

As discussed earlier, we take the effective Wilson coeffi-
cients a; and a, as

(al, (12) = (105, 025) (39)

(38)

At the outset we must point out that we have assumed
energy conservation constraint E,(p,) + E; ,(P,.) = Es,
which together with the 3-momenta conservation through
89(p — p, — p,) in the meson state, | B(p, S)) is thought
to ensure the required 4-momenta conservation. However,
imposition of this energy conservation constraint E,(p,) +
E;.(—py) = My corresponding to the rest frame of the
decaying B meson may present spurious kinematic singu-
larities. This can be dealt with as in Ref. [29] by retaining
the definite spectator quark mass m,, while assigning a
running mass m(p;,) to the b quark in the form

my(1pyl) = M + m;, ; = 2Mgy[|p, > + mi, ,  (40)

as an outcome of My = E,(p;,) + E;,(— p;). This would

impose an upper bound on the momentum [p,|<
My —m? - . . - "
S = |Pplmax in order to retain m3(|p,l) positive

definite.

The upper limit |p |, Of the quark momentum would
have no other bearing to seriously affect the calculation,
which is apparent from the shape of the radial quark
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momentum  distribution amplitude |p,|Gz(Pp, —DPp)
shown in Fig. 2. The radial quark momentum distribution
in the present model is very similar to that obtained in the
QCD relativistic model [29,30]. From the expectation
value (B(0)|p2|B(0)) = (p2), we find the rms value of the

1B(0)) as (pp) =
0.51 GeV < |Pp|max- The expectation values of the quark
and antiquark binding energies are obtained as (E,(p;)) =
4.799 GeV and (E,; ,(— p;)) = 0.480 GeV, which are very
close to the respective model solutions for the quark bind-
ing energies £, and E;, in Eq. (36). We also find that
(BO)I[E,(py) + E,a(—p,p)]IB(0)) = 5.279 GeV = My,
These results vindicate our ansatz that energy conservation
is somehow ensured by the quark momentum distribution
in the meson state in an average sense.

With the values of model parameters and other relevant
physical quantities (36)—(39), we first evaluate the form
factors f, g, and a from Egs. (29)—(33) and then predict
the BRs for B — VV decays as shown in Table I. Our
predictions for class I transitions are found in agreement
with the experiment, and those for class II and class III are
mostly within the experimental limits. A scrutiny of our
results shows that the contributions from a, terms in those
class III transitions involving both the internal and external
W emission are small compared to those obtained in other
models [12,13]. This may be due to different ¢> depen-
dence of B — p(k*) transition form factors (Fig. 3) in the
present model.

The predicted form factors along with their g> behavior
and the branching ratios for B — V'V decays have been
shown to vary in the same order of magnitude in various
model dependent studies. This is not surprising, since
uncertainties in the predictions may come mainly from
two counts. (i) Since the decay amplitudes are proportional
to the meson decay constants, the predictions would
change from one model study to other using different

quark momentum in the state

-1/2
19,1 Gy, (57 -P,) (GeV)

0 0.5 1 1.5 2 2.5 3
5, IGeV)

FIG. 2. Radial quark momentum distribution amplitude
|Pu1Gs(Py, —Py) versus [ pyl.
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TABLE I. Predicted branching ratios for B — V'V nonleptonic
decays (in percent) in comparison with the experimental data.

Decays Our result Our result Experiment [27]
BY — D*" DIt 1.74a} 1.92 (.79 £ 0.14)
B — D**D*~ 0.0512a? 0.0565  (0.082 % 0.009)
B — D" p~ 0.003543 0.0039 <0.06

B — D* " p* 12742 1.40 (0.68 = 0.09)
B — D*0p%  0.188843 0.0118 <0.051

B — D®w  0.1856a3 0.0116  (0.027 =+ 0.008)
B — D*K*"  0.0048a3 0.0003 <0.004

BY — D*K*0 0.02543 0.0016 <0.0069
B* — DD} 1.86a} 2.06 (1.75 £ 0.23)
BT — D*'D** 0.055a? 0.0606 (0.081 = 1.7)
BT — D" p® 0.0037843 0.00418 <0.04

BT — Ditw 0.00374a? 0.00412 <0.06

BT — DOK** 0.04(a; + 0.842a,)? 0.0603  (0.081 = 0.014)
BT — D*p*t  1.4(a; + 0.385a,)> 1.79 (0.98 £0.17)

decay constants. (ii) The form factors and their g> behavior
depend typically on the model assumptions. For example,
some models assume universal ¢> dependence of the rele-
vant form factors [12], while others do not. We would like
to present here the ¢ dependence of the form factors of a
representative B — D* transition. The form factors f, g,
and a in their dimensionless forms

V(g*) = Mg + Mp)g(q?)
Ai(q?) = My + Mp)~' f(g?)
Az(qz) = —(Mp + MD*)‘M(QZ)

(41)
2y
Al®) = 3| O+ M)A,
M,
2 a2 2
(M- M3+ MDi)Az]

My + My
4VTTTTTTTTT‘TTTTTTTTT‘TTTTTTTTT‘TTTTTTTTT‘TTTTTTTTT‘TTTTTTTTTA
s — Vv 1
E A 1
N Ay ]
N3 — A E
g 1
2 £ ]
=2 A
e F 1
(=] F 4
= - 4
e E
o B T I N TR
0 5 10 15 20 25 30

q(GeVy’

FIG. 3. The g¢* dependence of form factors of B — p transi-
tions.
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3.5

2.5

Form Factors
(5]

[RALLL LA AL LL RN LR LA LRRARRRN

TTTTT

o bbb b s Lo

05 E
o By T
0 5 10
q'(Gevy’
FIG. 4. The ¢* dependence of form factors of B — D* tran-
sitions.

and their ¢g> dependence in the present model are shown in
Fig. 4, which are found comparable to those obtained in
other models [12,13] for all form factors except for V(g?).
The values of these form factors at g> — 0 and ¢°> — g2«
for B — D™ transition in the present approach are given in
Table II.

Our results for BRs are found slightly lower in compari-
son to those in other models [12—-16,21]. However, present
experimental data for most of these decay modes can not
distinguish which model is more preferred. More precise
data are necessary to help constrain the ¢> behavior of the
transition form factors and test the validity of the factori-
zation approximation in the study of B — VV decays in
various bound state models. As expected, we also find that
the BRs for the neutral B decays are smaller than those for
the charged B decays, which may be due to the spectator
interaction effects of the d and u quark, respectively.

Our prediction for longitudinal polarization fractions:

Ay l? .
R, = — Ml for different decay modes are pre-
LV L W LRV Y P

sented in Table IIl. The predicted R;’s for B°—
D*~(D:*,D*",p*) and Bt — D*(p*, K*") decays are
obtained in agreement with the available experimental
data. We find that all the B — V'V decays studied here
are found in a more dominant longitudinal mode compared
to other model predictions [12-16,21].

TABLE II.  Values of form factors at g> = 0 and g*> = g2, for
B — D" transition.

Form factor > =0 P = Ghax
V(g®) 0.57 1.44
Ai(g?) 0.44 0.87
As(g?) 0.10 0.28
Ao(q?) 0.71 132
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TABLE III
comparison with the experiment.

PHYSICAL REVIEW D 80, 014004 (2009)

Predicted longitudinal polarization fraction R; for B — V'V nonleptonic decays in

Decay mode CQM LF HQS Our result Experiment [27]

B’ — D*~ Dt 0.523 0.512 0.55 0.647 (0.52 = 0.05)

BY — D**D*~ 0.547 0.535 0.538 0.675 0.57 = 0.08 = 0.02
B’ — Dt p~ 0.921

BY— D" p* 0.945 (0.885 = 0.016 = 0.012)
BY — D*0p0 0.931

B’ — D0 0.929

B° — D*0k*0 0.915

B0 — D*OK*0 0.915

BT — D'D:t 0.524 0.512 0.512 0.647

BT — D*'p** 0.547 0.535 0.538 0.676

B+—’D§+p0 0.921

B* = Ditw 0.919

BT — DK** 0.924 (0.86 = 0.06 = 0.03)
BT — D¥p* 0.943 (0.892 £0.018 £ 0.016)

Another area that arouses a great deal of interest is the
study of the CP violation in B — D*D*, D* D7 decays and
the test of new physics. This aspect can be assessed in
evaluating the CP-odd fraction R | which is related to the
helicity amplitudes in the form

_ A, — A7+|2
20145 + AL > + 1A,

R

For color-allowed B — D*D* and D* D7 decays, the effects
arising out of the short distance nonspectator contributions
is shown to be small [31]. However, the long distance (LD)
nonfactorizable contributions governed by the rescattering
effects or final state interactions may not be negligible in
these cases. If there exists a significant LD effect, one
expects a large value of the CP-odd fraction (R | ) to appear
in these decays. The predicted R | ’s, in the present scheme,

TABLE IV. Predicted CP-odd fraction R; for B— VV non-
leptonic decays in the RIQM model.

Decay mode CQM LF HQS Our result
B — D* Di* 0.069 0.077 0.055 0.063
B — D**D*~ 0.069 0.077 0.055 0.060
BO—>Df.+p_ 0.052
B'— D" p* 0.013
B% — D*0p0 0.046
B — Dy 0.047
B? — D*0K*0 0.048
B() — D_*OK*O . . P 0.048
BY — D*p** 0.070 0.078 0.055 0.063
B* — D*D** 0.069 0.077 0.055 0.060
B+—>Dt+p0 0.052
Bt = Di*w 0.053
BT — DK** 0.030
BT — D*p~* 0.023

for different B — V'V decays are shown in Table IV. Our
results for two charmful final states, i.e., D*D* and D*Dj
are broadly in agreement with the experiment remaining
within the experimental limit: 0.125 * 0.043(stat) =
0.023(syst) [10].

The large values of the predicted R ’s for the modes
with two charmful final states compared to those obtained
in other modes vindicate the assumption that the nonvan-
ishing LD contributions lead to significant CP violation in
B — D*D* and D*Dj decays. Our predictions on R | ’s for
all B — VV decays including B — D*D* and D*Dj are, in
fact, found slightly smaller in comparison with other model
predictions [12-16,21]. This may be due to large helicity
amplitude A; and a small value of the form factor g
obtained in the present model.

VI. SUMMARY AND CONCLUSION

We have calculated the branching ratio, longitudinal
polarization fraction, and the CP-odd fraction of B —
VV decays, within factorization approximation, in the
RIQM based on the confining potential in the scalar-vector
harmonic form. The predicted branching ratios are found in
general agreement with the available experimental data
and compared to other model predictions. However, the
decay modes studied here are found in a rather more
dominant longitudinal mode compared to most other
model predictions, of course, remaining within the experi-
mental limit. The CP-odd fraction (0.060, 0.063) obtained
in B— D*D*, D*D} modes, respectively, in particular,
indicate significant CP violation in this sector.

In conclusion, our study shows that factorization works
well also in the B meson heavy-heavy decays in the RIQM-
model framework. More precise data would provide better
justification of the factorization hypothesis and applicabil-
ity of the RIQM model in this sector.
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