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We study the exclusive nonleptonic B. — VV decays, within the factorization approximation, in the
framework of the relativistic independent quark model, based on a confining potential in the scalar-vector
harmonic form. The weak form factors are extracted from the overlap integral of meson wave functions
derived in the relativistic independent quark model. The predicted branching ratios for different B.-meson
decays are obtained in a wide range, from a tiny value of @(107°) for B, — D*D(*S) to a large value of
24.32% for B, — Bj;p~, in general agreement with other dynamical-quark-model predictions. The decay
modes B, — Bip~ and B, — B*p~ with high branching ratios of 24.32% and 1.73%, respectively,
obtained in this model should be detectable at the LHC and Tevatron in the near future. The b — ¢, u
induced decays are predicted predominantly in the longitudinal mode, whereas the ¢ — 5, d induced
decays are obtained in a slightly higher transverse mode. The CP-odd fractions (R ) for different decay
modes are predicted and those for color-favored B. — D*D*, D*Dj decays indicate significant CP

violation in this sector.
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I. INTRODUCTION

The discovery of the B. meson by the CDF
Collaboration in 1998 [1] has aroused a great deal of
interest in its production mechanism, spectroscopy, and
decay properties. Subsequent measurements of its life
time 75 and mass My —leading to the recent measure-
ments by the CDF and DO Collaborations of 75 =
0.4575:972 (Stat) = 0.0036 (Syst) ps [2], Mz = (6.2756 =
0.0029 (Stat) = 0.0026 (Syst) GeV [2], and My = (6.3 =
0.014 (Stat) = 0.005 (Syst) GeV [3]—have opened new
windows for the analysis of heavy quark dynamics. At
the current level of accuracy, the LHC is expected to
produce around 5 X 10'© B, events per year [4], which
would provide important clues to test the standard model
predictions on flavor parameters and study the decay prop-
erties of the B, meson.

The B.-meson decays are of special theoretical interest
due to the following characteristic features. 1) Being the
lowest bound state of two different heavy quarks with open
flavors (b and ¢), it cannot annihilate into gluons and is
stable against strong and electromagnetic interactions.
Hence the B, meson decays via the weak interaction.
2) Since both of the constituents (b, ¢) are heavy, they
can each decay individually, yielding rich B.-meson decay
channels. The tree-level B .-meson decays can be broadly
divided into three categories. (i) b — g(q = ¢, u) induced
decays with the antiquark ¢ as the spectator, (i) ¢ — 5, d
induced decays with the quark b as the spectator, and
(iii) the relatively suppressed weak-annihilation modes.
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The estimates [4] show that the contribution of the weak
annihilation to the total B.-decay rate is hardly 10%. On
the other hand, the contribution of ¢ — 5, d and b — ¢, u
induced decay modes are found to be about 70% and 20%,
respectively, and hence are competitive in magnitude.

In ¢ — 5, d induced decay modes, the four-momentum
transfer squared ¢ varies from g*> — 0 to gZ,, = 1 GeV?
only, whereas the allowed kinematic range for b — ¢, u
induced modes vary from ¢>— 0 to g2, = 10 GeV?
and ¢> — 0 to g, = 18 GeV?, respectively, for a B,
meson decaying to charmonium and D-meson states. It is
worthwhile to consider both categories of constituent-level
decays in order to analyze the exclusive two-body non-
leptonic B.-meson decays.

The analysis of nonleptonic decay is nontrivial as it
involves matrix elements of local four-quark operators
in the nonperturbative QCD approach, the mechanism of
which is not yet clear in the standard model framework.
However, if one ignores the weak-annihilation contribu-
tion, the description of nonleptonic decays gets simplified
by using the so-called QCD factorization approximation
[5-9], which works reasonably well in the analysis of
heavy-quark physics. In this approach, the matrix element
of the local four-quark operator is factorized into single-
current matrix elements, which are parametrized in terms
of weak form factors and meson-decay constants. This
makes the factorization approach an appealing method
for studying the nonleptonic decays of heavy-flavored
mesons. The nonleptonic decays of heavy-flavored mesons
were widely studied [10-43] following the pioneering
paper written by Bjorken [44] in 1986, which yielded
predictions in a wide range. This may be due to the fact
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that the data in this sector are still sparse and the weak form
factors have not yet been subjected to stringent scrutiny.
The justifications for adopting the factorization approxi-
mation were shown in the initial theoretical developments
based on the QCD approach in the N%—» 0 limit [10],

Bjorken’s intuitive argument based on color transparency
[11], the heavy-quark effective theory (HQET) [12], etc., in
the study of energetic nonleptonic B decays only, where
strong-interaction effects—such as the final-state interac-
tions, the rescattering of final-state hadrons, and the
renormalization-point dependence of amplitudes—were
shown to be marginal [13]. Similar arguments, however,
may not hold up well here as both of the final-state mesons
in B, — VV decays are heavy and are expected to be in
the region close to zero recoil. Contributions to the decay
rate in such decays come from both the longitudinal and
transverse polarization parts, which can be measured ex-
perimentally. From naive counting rules, the longitudinal
polarization fraction in B-meson nonleptonic decays is
found to be dominant over the transverse polarization
fraction, which needs to be checked in the B, sector as
well. The two-charmed-meson decays of the B. meson
(B— D*D’(”S)) are of special interest as they provide valu-

able information on CP violation and possible new physics
beyond the standard model.

In our recent study [45] we successfully described
two-body nonleptonic B.-meson decays to pseudoscalar-
pseudoscalar (PP), pseudoscalar-vector (PV), and vector-
pseudoscalar (VP) modes in the relativistic independent
quark model (RIQM) [45-48] based on the confining
potential in scalar-vector harmonic form. In its earlier
applications the model successfully described a wide range
of hadronic phenomena—such as the static properties of
hadrons [46]—and various decays [45,47,48], including
radiative, weak radiative, rare radiative, leptonic, weak
leptonic, semileptonic, nonleptonic, and radiative leptonic
decays of hadrons in the light- and heavy-flavor sector. In
this paper we would like to extend the applicability of the
RIQM to predict—within the factorization approach—the
weak form factors, their ¢> dependence in the allowed
kinematical range, and the branching ratios of B, — VV
decays.

In the present analysis we will only consider the
contribution of the current-current operator in predicting
the tree-level nonleptonic B.-meson decays (as was done
in Refs. [5,18,21,22,26,30,40,49-51]). In evaluating the
decay width the contribution of the tree diagram is ex-
pected to be dominant. The penguin contribution may be
important in evaluating CP violation and when searching
for new physics beyond the standard model, which we do
not consider in this work. Since the Wilson coefficient of
the penguin operator is very small, the corresponding con-
tributions to weak-decay amplitudes only become relevant
in rare decays, where the tree-level contribution is either
strongly Cabibbo-Kobayashi-Maskawa (CKM) suppressed,
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asin B — K*r, or where matrix elements of current-current
operators do not contribute at all, as in B — K*y and
B? — K°¢ [52]. In this paper we do not consider these
decays. The contribution of QCD and electroweak penguin
operators has also been shown [15,51] to be too small
compared to that of current-current operators due to the
serious suppression of CKM elements.

The paper is organized as follows. In the following
section we provide general remarks on the factorization
hypothesis and nonleptonic decay amplitudes. In Sec. III
we briefly describe the RIQM framework and extract the
model expressions for the weak-decay form factors and
polarized transition amplitudes. The numerical results are
described in Sec. IV. Section V embodies our summary and
conclusion.

II. FACTORIZATION AND NONLEPTONIC
TRANSITION AMPLITUDE

In the factorization approach, the transition amplitude
for two-body nonleptonic M — V|V, decays can be ap-
proximated by the product of one-particle matrix elements
[5,21,22,45,48] as

G
(ViVol H eI M) = Tg Vaiod! o Vasas[a1 (m)V219#10)

X Vi, M) + ay(w)
X (Vi [I#I0X V1T, 1M)], (D

where Gy is the Fermi constant, the V;;’s are CKM matrix
elements, and a(w) and a,(u) are the QCD factors, which
are expressed in terms of the Wilson coefficients as

ax(w) = C1lp) + 3 o)

| @)
ar(p) = Cy(u) + ﬁcl(/-l/)-
c
Here N, denotes the number of colorsand J,, =V, — A, =

‘_1/1(2)7 «(1 = ¥5)q1(p) is the vector-axial current.

In the general case, the renormalization-point (u)
dependence of the product of current-operator matrix
elements does not cancel the u dependence of a;,(u).
The nonfactorizable contribution to Eq. (1) must be present
in order to make the physical amplitude renormalization-
scale independent. In the present analysis, as in
Refs. [45,53], the nonfactorizable vertex, penguin, hard
spectator corrections, etc., are thought to be incorporated
into the effective Wilson coefficients a;(i = 1,2). In the
present analysis we neglect the so-called W-exchange and
annihilation diagrams, since in the limit My, — oo, they are
connected by a Fierz transformation and are doubly sup-
pressed by a kinematic factor of the order (m?/M?). We
also discard the color-octet currents which emerge after the
Fierz transformation of color-singlet operators. Clearly,

094014-2



NONLEPTONIC DECAY OF B, — VV DECAYS

these currents violate factorization since they can not
provide transitions to the vacuum states.

The hadronic matrix element of the weak current J,
between the initial and final meson states have the cova-
riant decomposition

(Vi(k) | A, | M(p))
= f(gP)e€, + a (@*)(€".p)(p + k),

+a_(g?)(e".p)p — k). 3)
WVik) | v, | M(p)y = ig(q?)
eMVpO’ E*V(P + k)p(l’ - k)g) 4)

where €” is the polarization vector of the vector meson
(V). p and k represent the four-momentum of the parent
meson (M) and that of the daughter meson (V;), respec-
tively. With the four-momentum transfer g = p — k =
(E, 0,0, |4]) and mass my,, the polarization vector associ-
ated with “V;” is taken in the form

1 1
EtE—O’_l’_i’O, ELE— Q’O’O)E' 5
=500, = (a00E. ©

The matrix element of the current J# between the vac-
uum and the other vector-meson (V,) final state can be
parametrized in terms of the meson decay constant fy, as
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(VolI#10) = €/ fy,my,. (6)

In the factorization approach, the nonleptonic transition
amplitude can be calculated from one of the three possible
tree-level Feynman diagrams shown in Fig. 1. The color-
favored transitions, corresponding to the diagram depicted
in Fig. 1(a), represent “class I’ transitions which are
characterized by the external emission of a W boson. In
these transitions, the factorized amplitude coupled to the
QCD factor “a;” only gives the nonvanishing contribution.
On the other hand, the color-suppressed transitions corre-
sponding to the diagram depicted in Fig. 1(b) represent
“class II” transitions which are characterized by internal W
emission. In such transitions, the nonvanishing contribu-
tions to the decay rate come from the factorized amplitude
associated with the QCD factor “a,.” Figure 1(c), however,
represents ‘‘class III”’ transitions which are due to both
color-favored and the color-suppressed diagrams involving
external and internal W emission. In such decays the
factorized amplitudes corresponding to both of the QCD
factors “a;” and “a,” contribute coherently to give the
transition amplitude. For the color-favored general type of
tree-level transition M — V,;V, pertaining to “class I”
transitions, the decay rate can be written as [48,53]

LX)

(a)

91(2) .7

Toa1) Toa1y
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Quark-level diagram of the nonleptonic decay of a meson M — mm,.
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Here M and k are taken as the parent-meson mass and
three-momentum, respectively, of the recoiled daughter
meson “V,” in the parent-meson rest frame. | A|? is the
sum of the polarized amplitude squared with A; =
(Vo|J#|0)V,|J ,IM), such that

| AR =YI|A,” ®)
J

We use the notation j = +—, —+, or I/, where the first and
second labels denote the helicity of the V| and V, meson,
respectively.

From the polarized amplitudes expressed in terms of
the weak form factors “f,” “g,” and “a.” and the decay
constant “fy,”” shown in Egs. (3)—(6), it is straightforward
to find the expression for the positive, negative, and
longitudinal polarizations, respectively, of the daughter
meson V| as

A= —fy,my{f(g) + 2g(gP)kIM},
Ay = = fr,my{f(¢?) — 28(q)IkIM},
fv2 7 1
Ay = my, I:f(qz){|k|2 + W(Mz + m%/l - m%’z)
<+, = )} + 20, IEPM ] )
where

. M? + m?, — m? \2 1/2
|k|=[( 17 VZ) —mzvl] . (10)

The decay widths and branching ratios for B, — V'V decays
can be predicted from Eq. (7) using the expressions (8)—(10)
for the polarized amplitudes in terms of the weak form
factors derivable in the framework of the RIQM.

III. TRANSITION AMPLITUDE AND
WEAK-DECAY FORM FACTORS

The color-favored two-body nonleptonic M — V|V, de-
cays shown in Fig. 1(a) can be described at the constituent
level as the decay of one of the constituents (quark/antiquark)
q1(2) With four-momentum p,, . inside the decaying meson
state |M(p, Sy)) to a daughter quark/antiquark ¢/ (o) With
momentum p e which along with the spectator g,(;) with

momentum p,, —hadronize to the meson state |V, (kS v,)-

In the process the externally emitted W boson with four-
momentum “g” decays to a quark-antiquark pair (¢;4%)
which hadronize ultimately to the meson bound state
|V>(g, Sy,)). Physically, the decay of the hadron takes place
in its momentum eigenstate. Therefore, in the present model,
the participating meson in a definite momentum () and spin
(Sy) state is represented by an appropriate wave packet
reflecting the momentum and spin distribution between
the quark constituents inside the meson core [45,47,48] as

PHYSICAL REVIEW D 88, 094014 (2013)

1
— Mo (A, Ay)
\/NM(P)A,,);'ESM e

X [ &5, ¢5,,8% Gy, + B, ~ D)

I At
X Gu(Pyys Bg)b (B ADby, (g A2) 1 0),
(11)

\M(B, Su)) =

where Ejl(ﬁq], A;) and E;Z(ﬁqz, A,) are, respectively, the
quark and antiquark creation operators, ). (A, Ay) are
the SU(6) spin-flavor coefficients, Ny, (p) is the meson nor-
malization factor, and Gy(p,,, p — P,,) is the effective
momentum-distribution function defined in terms of momen-
tum probability amplitudes of the quark and antiquark, which
is derivable in this model via a momentum-space projection of
the bound quark/antiquark eigenmodes. The quark/antiquark
energy eigenmodes are obtained by solving the Dirac equa-
tion that follows from the independent quark Lagrangian
density at the zeroth order with an interaction potential in
an equally mixed scalar-vector harmonic form [45,47,48].

In such an approach the invariant transition amplitude is
extracted from the S-matrix element by casting it into its
standard form only after realizing the energy-momentum
conservation through a delta function at the mesonic level.
But such a realization at the composite level, starting
from a bound constituent-level picture, has never been so
straightforward. This is due to the fact that although three-
momentum conservation is automatically guaranteed at the
mesonic level through the wave packet description (11), it
is not so for energy conservation. However, we have shown
in Refs. [45,47,48] that energy conservation is also ensured
in an average sense by the Gy(p,,. p — p,,) used in the
wave-packet description (11), where we realized that the
expectation value of the sum of the binding energies of
the constituent quark and antiquark in the meson bound
state in its rest frame is very close to the corresponding
observed mass given by

(MOE,,(154,1* + Eg,(| = By, PIIM(0)) = M.

In this context we assign a running mass m, (p,,) to the
active quark ¢, in the meson state |M(0)), with

m2,(1py, ) = M2 = m2, — 2Myf|p, 2+ m2, as an out-

come of the energy conservation constraint, £, (I Py, |2 +
E, (I — p,, 1) = M, while retaining a definite mass m,,
for the spectator ¢,. This leads to an upper bound for the
quark momentum |p,, | in order to keep m2 (|5, |) positive
definite. In doing so we avoid possible spurious kinematics
singularities in the quark-momentum-level integration
encountered in our calculation [45,47,48].

Hence our approach in realizing energy-momentum
conservation—though it may seem crude and approximate—
is no doubt a reasonable approximation. In the absence of
any other rigorous field-theoretic method involving bound
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constituents, the constituent-level description of decay phe- M G Fy A, 12
nomena of composite hadrons based on such an approxi- fi = \/— q1<z>‘11<z Vasqiti (12)
mation has provided quite reasonable predictions in our
earlier works [45,47,48]. where A = h*H,, with
Using the wave-packet description (11) for the parent
and daughter meson states, |M(p, Sy,)) and |V, (k, Sy)), we _ |2Ey, , i
calculate the S-matrix element using the Feynman tech- ht = 2 )3h * = ey (G Mfv,my, (13)
nique, and the invariant transition amplitude in the parent-
meson rest frame is and
|
_ 1 fd3]_3quM(ﬁqj’ _ﬁq_,.)GVl (ﬁqj +k, _ﬁqj)
\/NM(O)NV, (E) \/E‘If(ﬁqj)Eq} (1_5‘1./ + k)
X LE (o) + Eps(= Py M (g, + B+ Eqy (=5 )X OIS0 (14)
[
Using the usual spin algebra, the space and time compo-  Here for the sake of brevity we use the notation €, ( ﬁq/_) =

nents of the spin matrix elements (Sy,[J,(0)|S),) in E (5.)+m and e (5. + 0 =[E.(3 +1+
Eq. (14) corresponding to vector and axial-vector currents [ i (qu) q/'] q.(pq- =1 q~'(qu )

are obtained as m /] where E, (pq) ‘/pq + m ~and Eq}(f)qj +k) =
(S, (k, &) Vol$y(0)) = 0, (15)

‘/ (g, + k? + mé} are, respectively, the energy of the non-

i€y, (p qj) e spectator quark and antiquark. The space component of the

— — — (&" X k), hadronic matrix element H, obtained from Eq. (14) via

qu(p q.f)efi} (P a1 k) Egs. (16) and (17) are compared with the corresponding

(16) expressions from Egs. (3) and (4) to find the weak form
factors g(g?) and f(g?),

(Sy, (k, &)IVi1Sy(0)) =

ey, (By)eq By, + k) = P/

<Sv, (E, €)|A;15,,(0)) = 1 N N N
\/qu(f?qj)fq}(f’qj + k) g(q?) = “oum fdquQ(pq,f)eqj(pqi)’ (19)

6‘1/' (ﬁ ‘I.f)
Veo,(Bo)eg (By, + 1)

(v, (K, €)14018,(0)) = = (&, 1) = = [ dby Rip,) 20)

(18) where

GM(ﬁq_/-’ _1341-)@%(134/- + ]z’ _ﬁq‘/-) J[Eéil(ﬁflj) + Efiz(_ﬁﬂlj)][Eq/](z)(ﬁfh + k) + E’/Z(l)(_ﬁqj)]
NNy, (R) VE,(Py)Eq) By, + Ry, (B ey By, + K)

R(p,) = Qg leq,(Bo)ey By, + F) — 33,/3]. 22)

In the present model we also find a, (g?) = a_(g?). Then the time component of the hadronic amplitude obtained from
Eq. (14) via Eq. (18), when compared with the corresponding expression from Eq. (3), gives

@) = =53] B [@5, Qe By) - [ a5, R, | @3)

Q(p,) = 1)

It is straightforward to get model expressions for the polarized amplitude squared | A j|2 using Eqgs. (19)—(22). Summing
over possible polarization states and integrating over the final-state particle momenta, the decay width I'(M — VV,)
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is finally obtained in the parent-meson rest frame from the
generic expression

1 dkdg
LM —VV,) = 8W(p —k —
( 1V2) Q@m)? ) 2M2E, 2E,, (p 9)
xS |IM2 24)

Note that we have thus far calculated the color-favored
diagram shown in Fig. 1(a) which corresponds to class I
nonleptonic decays. Similarly, class II and I B, — VV
decays can be calculated from the corresponding Feynman
diagrams shown in Figs. 1(b) and 1(c), respectively. The
model expressions for the weak form factors g(g?), f(g?),
and a_ (g%), and hence for the polarized amplitudes in such
decays can also be obtained by suitably replacing relevant
flavor degrees of freedom, quark masses, meson masses,
meson decay constants, the QCD factors a;, etc.

IV. NUMERICAL RESULTS AND DISCUSSION

For numerical calculations, we take the potential
parameters (a, V;)), quark masses “m ,I,” and corresponding
binding energies “E,” to be those used to describe a wide
range of hadronic phenomena in the light- and heavy-flavor
sectors [45—48], namely,

(a, Vo) =(0.017166 GeV?, —0.1375 GeV),
(my, = mg, mg, me, my,)
= (0.07875,0.31575,1.49276,4.77659) GeV,
(E,=E4EE.E)
=(0.47125,0.59100, 1.57951,4.76633) GeV. (25)

The B.-meson mass and lifetime, as well as the CKM
parameters used here, are taken from Ref. [54],

(M, 75 ) = (6.277 GeV, 0.45 ps),
(V] IV.]) = (0.0412, 0.00393),
(IVeal, IV,5]) = (0.23,1.04),

(IV,ual, IVis]) = (097418, 0.2255).

(26)

The physical masses of the daughter mesons relevant to the
decay processes discussed here are set to their observed
values [54]. In order to minimize any possible uncertainty
in the model calculation due to the values of the relevant
meson decay constants, we take their corresponding
experimental results or average values from the lattice
QCD and QCD sum rules [54-59],

(f oo fxo Foms f o f70) = (0.22,0.217,0.245,0.272, 0.40).
(27)

For evaluating color-suppressed nonleptonic B,.-meson
decays involving p® in the final state, we take the corre-
sponding decay constant f,0 = f p—/ V2.
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At the outset we would like to point out that our intention
here is not to achieve a particular quantitative precision
with the model prediction, but rather to provide an order-
of-magnitude estimation in order to test the applicability of
the RIQM in this sector. This is because uncertainty in the
theoretical prediction in this sector may come from different
factors, such as the model parameters, CKM factors, meson
decay constants, QCD factors, etc. In the present analysis we
have tried to reduce possible uncertainties in the following
manner.

The potential parameters and other model quantities—
like quark masses and corresponding quark binding
energies—are fixed once at the static-level application of
this model [46]; these parameters have been used previ-
ously to yield reasonable predictions in a wide range of
hadron phenomena in the light- and heavy-flavor sectors
[45-48]. As such we do not have any free parameter that
could have been fine-tuned from time to time to predict
different hadronic properties, as stated above. In a sense,
with this set of parameters (fixed previously from hadron
spectroscopy) we intend to perform a parameter-free
calculation to predict nonleptonic B.-meson decays in
the framework of the RIQM. To minimize uncertainties
due to CKM factors and the meson-decay constants,
we take the central values of the respective observed
data and results from lattice QCD and QCD sum rules
[54-59].

With regards to the QCD factors “a;,” different values
for “a;” and significantly different values for “a,”” have
been used in the literature. For example, in Ref. [14] the
authors used the QCD factors (a?, a) = (1.12, —0.26) and
(a$, a5) = (1.26, —0.51) (which were fixed in Ref. [60]),
whereas most earlier calculations used a different set
of QCD factors, (a?, ab) = (1.14, —0.2) and (a$, a$) =
(1.2, —0.317) (which were fixed by Buras et al. in the
mid 1980s). We call these two sets of QCD factors Set 1
and Set 2, respectively. In order to gauge the uncertainty in
the model predictions, we use both sets in our calculation,
as was done in Ref. [45].

Using the input parameters (25)—(27), one can evaluate
the weak form factors f, g, and a, and study their g?
dependence from Egs. (19)—(23). It may be mentioned here
that in a self-consistent dynamical approach we extract
weak form factors from the overlap integrals of meson
wave functions obtained in our model, where a ¢> depen-
dence is automatically ensured (see Refs. [21,22]) in the
allowed kinematical range. This is in contrast to most of
the approaches of previous models where the weak form
factors were determined only at one kinematical point—
either g> = 0 or ¢> = g2, —and then extrapolated to the
allowed kinematical range using some phenomenological
ansatz (mainly a dipole or Gaussian).

The ¢> dependence of g(g?), f(g?), and a. (¢?) can also
be analyzed from the corresponding expressions for the
weak form factors in a dimensionless form,

094014-6



NONLEPTONIC DECAY OF B. — VV DECAYS

V(g*) = (M + my,)g(q?),
Ai(g®) = (M + my) " f(g?), (28)
Ay(g?) = —(M + my,)a (%)

Our predictions for the ¢ dependence of V(g?), A,(¢?),
and A,(g%) in the allowed kinematical ranges for CKM-
enhanced and CKM-suppressed B.-meson decays are
shown in Figs. 2-6, where

2 _
~ q 1

A(g?) = [1 - 7] A(g?). 29
1(g%) W1+ my )2 1(g%) (29)

One may naively expect the form factors to satisfy the

heavy-quark symmetry relation

V(g?) = Ay(¢*) = A\ (¢*) (30)

as an outcome of the HQET. However, our model predic-
tions here do not agree with the heavy-quark symmetry
relation (30). This is in agreement with the well-known fact
that the heavy-flavor symmetry cannot be strictly used in

20

Form factors

q(GeV?)
FIG. 2. Form factors of B, — B*.

20

G

\
> i<

\

T
[N
L

Form factors

0.8

FIG. 3. Form factors of B, — B}.
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the B.-meson sector involving two heavy constituent
quarks.

The ¢ dependence of the relevant form factors depends
on the kinematics involved in the decay process. In ¢ — 5, d
induced decays, we find a nearly flat behavior of B, — B*

Form factors

20
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20
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FIG. 6. Form factors of B, — J/ .
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and B, — B} form factors over the allowed kinematical
range (Figs. 2 and 3), since the four-momentum transfers
involved in such decays are not too large.

However, in b — ¢, u induced decays (B, — D*, D},
J/ ), the form factors are found to have a sizeable ¢°
dependence, as is evident from the rising slope of the
curves in Figs. 4-6 due to the significant momentum trans-
fer involved. As expected, the effect is most pronounced
in B, — D* decays characterized by a maximum recoil
momentum of the charmed final state.

Our predictions for the form factors at the maximum
recoil (¢> = 0) and zero recoil (g> = gZ,.) points are
given in Table 1. Our results at g> = 0 are found to be
comparable to those of Ref. [25] for b — ¢, u induced
decay modes, whereas for ¢ — 5, d induced modes our
predicted values are large compared to their results.

Our predictions for the decay widths I'(B, — VV) are
listed in Tables IT and III for general values of the Wilson
coefficients “a;”” and “a,” to facilitate a comparison with
the predictions of other dynamical models. In Tables IV
and V, we show our predicted branching ratios for
nonleptonic B.-meson decays to two ground-state vector

TABLE I. Predicted values of the form factors of weak B,
decays.
Transition Value at V(g?) A (g% Ay(g?)
B, —J/y =0 0.481 0.260 0.010
P = Ghax 2.118 1.26 0.0007
B, — D *=0 0.077 0.026 0.019
4 = G 4.54 1.304 0.887
B.— D* =0 0.034 0.009 0.011
q* = qPax 6.532 1.141 1.560
B, — B q*=0 6.131 0.552 4.395
q* = qlax 9.696 0.798 6.984
B, — B* =0 7.07 0.393 5.409
7> = Gy 14.549 0.685 11.174
TABLE II. Exclusive nonleptonic B, — VV decay widths in

units of 10715 GeV for general values of the effective Wilson
coefficients “a;” and “a,.”

Quark-level

transition Transition mode Decay width
b—c,u B, —J/yp~ 2.10542

B. — J/yK*~ 0.116a?

B. — J/yDi (2.993a, + 3.305a,)?

B — J/¢yD*~ (0.572a, + 0.521a,)?
c—35,d B — Brp~ 224.133a}

B, — B*K*~ 7.934a?

B, — B*p~ 1591743

B; — B*K*~ 0.507a2

B. — B* p° 7.957a3

B; — B* K0 186.0643

PHYSICAL REVIEW D 88, 094014 (2013)

TABLE III. Exclusive nonleptonic B, decays into D*D*
mesons in units of 10715 GeV for general values of the effective
Wilson coefficients “a;” and “a,.”

Quark-level

transition Transition mode Decay width
b—c,u B; — D* D* 0.170a3
B, — D D*0 0.031a3
B, — D*~D* (0.009a, + 0.009a,)?
B, — D¥ D* (0.051a, + 0.077a,)?

mesons in comparison with other model predictions. The
predicted branching ratios are obtained in a wide range,
from tiny values of O(10~°) for B, — D*DF; decay modes

to a large value of 24.32% for B, — B¥p~.

For ¢ — 5, d induced transitions our predicted branching
ratios broadly agree with those of Refs. [26,28,30,38].
One may naively expect the bottom-conserving modes to
be kinematically suppressed due to the small phase space
available. However, the kinematic suppression in these
decay modes is overcome due to the large CKM mixing
angles involved, ultimately yielding large branching ratios,
as shown in Table IV. The most promising decay modes
in this category are B, — B*p~ and B, — B*p~, whose
predicted branching ratios are about 24.32% and 1.73%,
respectively, which should be experimentally accessible.

Our results for b — ¢, u induced decay modes such
as B, — J/¢V have an order-of-magnitude agreement
with those of other dynamical model -calculations
[21,22,25,26,28,30,33]. The dominant modes in this
category are By — J/¢D}™ and B, — J/{p~, whose
predicted branching ratios are 0.44% and 0.18%, respec-
tively, which should be experimentally accessible at high-
luminosity hadron colliders. B, — J/ WDy, is of particular

interest from an experimental point of view. The existing
experimental data favor a constructive interference of
the color-favored and color-suppressed diagrams in the
bottom flavor sector. Since the transition amplitude in
B.—J/ WD, has contributions from both the diagrams,

the predicted branching ratios of these modes would pro-
vide an interesting test of interference between the color-
favored and color-suppressed B,. decays. Our prediction for
the branching ratios of decay modes with two charmed
final states such as B, — D*DZ"S) are small compared to

those from other models at the same order of magnitude,
~0(107°), which is too small to be experimentally
accessible.

The relative size of the branching ratios for nonleptonic
decays is broadly estimated from a power counting of QCD
factors and CKM factors in the Wolfenstein parametriza-
tion [62]. Accordingly, the class I decay modes determined
by the QCD factor a; are found to have comparatively
large branching ratios, the most promising of which are the
CKM-favored B, — B%p~ and B, — B*p~, as shown in
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TABLE IV. Predicted branching ratios (in %) of B, — V'V decays with the choice of Wilson coefficients Set 1 (Set 2) in comparison

with other model predictions.

Decay mode This work [33] [26,38] [21,22] [30] [28] [40] [18]
B, —J/dp~ 0.18 (0.187) 0.21 0.40 0.16 0.31 0.37 0.53 0.49
B — J/yK*~ 0.009 (0.010) 0.016 0.022 0.010 0.018 0.020 0.029 0.028
B, — J/yD*" 0.44 (0.53) 0.62 0.67 s 0.55 0.59 s 0.97
B, — J/¢yD*" 0.018 (0.021) 0.01 0.028 s 0.028 0.019 0.045
B. — B¥p~ 24.32 (22.06) 12.10 20.2 10.8 16.8 14 14.8 11.0
B, — BYK*~ 0.861 (0.781) s s cee 1.14 s s 0.50
B, — B*p~ 1.73 (1.567) 0.67 2.57 0.67 0.89 0.85 1.17 0.30
B; — B*K*~ 0.055 (0.05) : 0.058 0.032 0.065 0.044 0.037 0.013
B — B* p° 0.141 (0.055) 0.031 0.09 0.023 0.031 s 0.041 0.011
B. — B* K*0 3.31 (1.278) 0.57 1.67 0.82 1.70 ce 0.97 0.32

TABLE V. Predicted branching ratios (in 107°) of B, — D*D* decays in comparison with

other model predictions.

Transition This work [18] [61] [40] [35] [28] [30]
B, — D*~D*0 7.823 (4.629) 21 330 30 55 66 23
B. — D~ D* 1.43 (0.846) 1.60 26 1.54 3.50 4.10 1.63
B. — D*~D*0 0.044 (0.052) 0.20 1.59 e e e
BS — D*~D*° 0.964 (1.276) 4.50 40.40

Table IV. On the other hand, the branching ratios of class II
decay modes determined by a, are found to be relatively
small, as expected. However, the B, — B*~ K** decay in
this category with CKM factors V., V,, ~ 1 is predicted to
have a branching ratio of 3.31%(1.278%), as shown in
Table IV, which should be measured experimentally.

In class III decays characterized by the Pauli interfer-
ence, the branching ratios are determined by the relative

TABLE VI. Predicted longitudinal polarization fraction Ry,
and the CP-odd fraction R, for B, — VV decays in the RIQM.
Longitudinal
Quark-level polarization CP-odd
transition Transition fraction (Ry) fraction (R )
b—c,u B —J/¥p~ 0.932 0.019
B — J/ K"~ 0911 0.024
B; — J/yDi” 0.570 0.175
B; — J/yD*" 0.590 0.197
B, — D*'D*~ 0.798 0.157
B, — D*D%~ 0.796 0.134
B, — D*°D*~ 0.797 0.157
B; — D*°Di~ 0.788 0.149
c—35,d B, — BXp~ 0.415 0.077
B, — BYK*~ 0.333 0.034
B — B*p~ 0.468 0.252
B, — B*K*~ 0.371 0.164
B, — B* p° 0.467 0.252
B, — B* K*0 0.368 0.157

values of a; with respect to a,. Considering the negative
value of a,, the decay rates are found to be suppressed, as
expected, in comparison with those found when the inter-
ference is switched off. However, on a quantitative level
the ratio Z—: is a function of the running coupling constant

evaluated at the factorization scale, which has been shown
[52] to be positive for B decays and negative for D decays,
corresponding to small and large couplings, respectively.
The experimental data also favor the constructive interfer-
ence of color-favored and color-suppressed B-decay
modes. Taking into account the positive value of aj =
0.26 in Set 1 (for example), the predicted branching ratios
for the class IIl B, decays B.— J/¥D:~, J/¥D*",
D*~ D%, and D:” D% are enhanced by factors of 2.93,
3.03, 2.08, and 4.19, respectively. In order to further probe
the effect of Pauli interference in such decays, we put
the decay width in the form I' = I’y + AI', where 'y =
x3a? + x3a3 and AT = 2x,x,a,a,, and then compute the
ratios % for B, — J/VD:~, J/¥D*", D* D%, and
D*~ D%, which are found to be 48, 50, 44, and 61%,
respectively. This indicates that the interference is most
significantly involved in the By — D%~ D% decay mode
compared to other modes. This is particularly important
since such a decay mode has been proposed in Ref. [61] for
the extraction of the CKM angle y through amplitude
relations.

Finally, we predict the longitudinal polarization fraction
R; and CP-odd fraction R, which are related to the
helicity amplitudes by
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_ |Aul?
AL 12+ 1AL 12 + [A1>
_ |A+— - A—+|2
Ry = 2 2 2)"
20145 P+ 1A 1> +14,1%)

Ry
(31

Our results are shown in Table VI. The b — ¢, u induced
decay modes are found predominantly in the longitudinal
polarization state, whereas ¢ — 5, d induced modes are
obtained in slightly higher transverse polarization states.
The CP violation in heavy-meson decays such as B, —
D*D*, D D" is of particular interest as it provides hints for
new physics beyond the standard model. This aspect is
quantified when predicting R in such decays. For color-
favored B, — D*(D", D) decays, the effect arising due to
the short-distance nonspectator contribution is shown to be
marginal [63]. However, the long-distance (LD) nonfactor-
izable contributions from rescattering effects, final-state
interactions, etc., may not be negligible. If a significant
LD effect exists, one expects a large CP-odd fraction in
these decays. The predicted longitudinal and transverse
helicity amplitudes and the form factor g(g?) yield R
values for different B, — VV decays, which are shown in
Table VI. In particular, the predicted R, values for the
transitions with two charmful final states indicate nonvan-
ishing LD contributions, which lead to a significant CP
violation in B, — D*D* and D*Dj decays.

V. SUMMARY AND CONCLUSION

In this paper we investigated the exclusive nonleptonic
B. — VV decays, within the factorization approximation,
in the framework of the RIQM based on a confining
potential in an equally mixed scalar-vector harmonic
form. We calculated the weak-decay form factors from
the overlap integrals of meson wave functions derived in

PHYSICAL REVIEW D 88, 094014 (2013)

this model. The predicted branching ratios for different
decay modes are found in a wide range, from O(10~°) for
B.— D*Dy, decay modes to the large value of 24.32%
for B, — B} p~. Our results are in general agreement with
those of most of the dynamical quark models, except for

some specific modes like B, — D*D’(”S), which are found to

be suppressed compared to other model predictions. The
decay modes B, — BYp~ and B, — B*p~ are found to
have large branching ratios of 24.32% and 1.73%, respec-
tively, which should be accessible experimentally. The B,
meson can thus be used as the source of B; mesons, as the
copious production of B, mesons is expected at the LHC
and Tevatron in the near future.

The class I decay modes characterized by the QCD
factor a; are found to have large branching ratios (as
expected) compared to those obtained for class II decays,
which are determined by a,. The branching ratios of class
IIT decays characterized by Pauli interference are found to
be too small ~O(107°) to be experimentally accessible.
The analysis on the effect of interference in such decays
indicates that the interference is most significantly in-
volved in the B, — D, *D** decay mode. This is particu-
larly important since the B, — D, *D* decay mode has
been proposed for extracting the CKM angle y through
amplitude relations.

The b — ¢, u induced B, decays are predominantly
found in the longitudinal state, whereas those induced by
¢ — 5, d are obtained in slightly higher transverse states.
Our predicted CP-odd fractions for the color-favored
modes B, — D™ *D%, D;*D% indicate a significant CP
violation in this sector.

In conclusion, the present analysis shows that the
factorization approximation works reasonably well in
describing the exclusive nonleptonic B, — VV decays
in the framework of the RIQM.
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