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We study the exclusive two-body nonleptonic B, — X .zM decays, where X ; is either a ground (1S5) or a
radially excited (25 or 3) charmonium, and M is a pseudoscalar (P) or a vector (V) meson. We consider
here three categories of decays: B. — PP,PV,VP decays within the framework of a relativistic
independent quark (RIQ) model based on a flavor-independent interaction potential in scalar-vector
harmonic form. Using the factorization approximation, we calculate the weak form factors from the
overlapping integrals of meson wave functions obtained in the RIQ model and predict the branching
fractions for a set of exclusive nonleptonic B, decays in reasonable agreement with other model
predictions. Some of the decays of interest are found to have branching fractions ~(1073 — 10~*) within the
detection ability of the current experiments and can be precisely measured at LHCb in the near future. In the
wake of the recent measurement of B, — J/wz(K), B, — J/wn(D,), B, = n(J/w,y(2S)), and B, —
J/y(m, uv) reported by the LHCb and ATLAS Collaborations, we predict the ratios Rz Rp,/r and
Ry (25)/7/, in broad agreement with the data from LHCb and ATLAS Collaborations. Our predicted ratio

R

7/ v

is found to be underestimated. The results indicate that the present approach works well in the

description of exclusive nonleptonic B, decays within the framework of the RIQ model.

DOI: 10.1103/PhysRevD.105.053007

I. INTRODUCTION

The B, meson is unique because of its two outstanding
characteristics features: (1) It is the lowest bound state of
two heavy quarks with open (explicit) flavor quantum
numbers: a bottom quark (antiquark) and a charm
antiquark (quark). The other heavy quark in the
Standard Model, i.e., the top quark, cannot form a
hadron because of it has too short of a lifetime to be
hadronized. (2) It can decay only via weak interactions,
since pure strong and electromagnetic interacting proc-
esses conserve flavors. Being a ground state of a (b¢)
system, it lies below the BD meson decay threshold, with
either of its constituent quarks being heavy which can
decay individually, and very rich B.-decay channels are
expected with sizable branching ratios and comparatively
long lifetimes [1]. This makes B, meson an ideal system
for studying heavy quark dynamics.

Ever since the discovery of a B, meson at Fermilab by
the CDF Collaboration [2] two decades ago, a lot of
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experimental probes have happened in this sector yielding
detection of many ground and excited heavy meson states
including the radially excited states y(2S) and 7.(2S) [3].
Many new B,.-decay channels have also been observed by
the LHCb Collaboration [4-8]. The high luminosity avail-
able at LHC makes it possible to measure various decay
channels including those into charmonium states [9-11].
Around O(10%), B, events with a cross section of 1 ub and
luminosity of 1 fb~! [12] expected at the LHCb are likely to
provide sufficient data for a systematic study of the B,
family. Among many observations on B, decays in recent
times, the decay B, — J/wK is observed for the first time
by the LHCb Collaboration, and the measurement of ratios
of branching fractions R/, [13,14] are found to be

B(B, - J/wK)

B(B, — J/ynx)

~ {0.069 £ 0.019(stat.) £ 0.005(syst.)
B { 0.079 + 0.007(stat.) = 0.003(syst.)

RK/IT =

The ratios of branching fractions Rp , [6,15], Ry (25)/7/y
[16] observed by LHCb collaboration are
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B(B. —» w(2S)x)
RyCo191v = BB, = 1 )
+0.014(Syst.) % 0.006,

= 0.250 + 0.068(Stat.)

where the last correction term accounts for the uncertainty
of Bw@S)—u"u)
B(J fy—p*p~)
[17] relating the nonleptonic and semileptonic B.-decay
rates is also performed by the LHCb Collaboration yielding

. The first measurement of the ratio R+ /,+,

B(B. — J/yn)
B(B. — J/yu"v,)
+ 0.0046(Syst.),

Rt juty = = 0.049 -+ 0.0028(Stat.)

which is found at the lower end of the available theoretical
predictions.

The detection of ground and excited charmonium states
and measured observables in the nonleptonic and semi-
leptonic B, decays to charmonium ground and excited
states are of special interest as it is easier to identify them in
the experiment. The two-body nonleptonic B, decays have
been widely studied using various theoretical approaches
and phenomenological models (see the classified bibliog-
raphy of Ref. [18]). Most of these studies deals with the B.-
meson decay to daughter mesons in their ground states
only. Among several theoretical studies on nonleptonic B,.-
meson decays to radially excited charmonium and charm
meson states, the perturbative QCD approach based on ky
factorization [19-21], light front quark model using modi-
fied harmonic oscillator wave functions [22], ISGW2 quark
model [23], relativistic constituent quark model [24],
relativistic constituent quark model based on Bethe-
Salpeter formalism [25], improved instantaneous approxi-
mation of the original Bethe-Salpeter equation and
Mandelstam approach [26], perturbative QCD approach
[27], relativistic instantaneous approximation of the origi-
nal Bethe-Salpeter equation [28], quark model based on
improved Bethe-Salpeter approach [29,30], nonrelativistic
constituent quark model [31], relativistic constituent quark
model [32], relativistic quark model [33], QCD factoriza-
tion using BSW model and light front quark model [34],
QCD relativistic quark potential model [35], covariant
confined quark model [36,37] and the relativistic constitu-
ent quark model [38] are noteworthy. In their recent
analysis [20], Rui et al. predicted the ratio between the
decay modes B. — w(2S)x and B, — J/wr in comparison
with experimental data within uncertainties and the branch-
ing fraction of B, — 1.(2S)x ~ 10~ that can hopefully be
measured in the LHCb experiment. The recent predictions
[29,30] of Zhou and co-workers on the branching fractions
of radially excited 25 and 3S charmonium states ~10~* lie
within the detection accuracy of current experiments. The
detection of such decays to radially excited charmonium
states, observed ratios of branching fractions, and recent

predictions of branching fractions in this sector by different
model approaches provide us necessary motivation to study
these noneptonic B, decays within the framework of our
relativistic independent quark (RIQ) model.

The RIQ model, developed by our group, has been
applied in a wide-ranging hadronic sector describing the
static properties of hadrons [39] and their decay properties
in the radiative, weak radiative, rare radiative [40]; leptonic,
weak leptonic, radiative leptonic [41]; and semileptonic
[42] decays of mesons. In our recent analysis, we predict
the magnetic dipole and electromagnetic transitions of B,
and B} mesons in their ground as well as excited states [43];
the exclusive semileptonic B.-meson decays to the char-
monium ground states in the vanishing [44] and non-
vanishing [45] lepton mass limit. In this model, our group
has predicted [46,47] the exclusive two-body nonleptonic
decays of heavy flavored mesons to the charmonium and
charm mesons in their ground states. We would like to
extend the application of the RIQ model to analyze two-
body nonleptonic B, decays to the S-wave charmonium
states (nS) along with a light or charm meson state, where
n =1, 2, 3, and provide a ready reference to existing and
forthcoming experiments. We ignore the decay channels
involving higher 4S charmonia, since their properties are
still not understood well.

The description of nonleptonic decay is notoriously
nontrivial as it is strongly influenced by confining color
forces, and it involves matrix elements of local four-quark
operators in the nonperturbative QCD approach, the
mechanism of which is not yet understood well in the
Standard Model framework. If one ignores the weak
annihilation contribution, the nonleptonic transition ampli-
tudes are conveniently described in the so-called naive
factorization approximation [24,33,35,46-50], which
works reasonably well in two-body nonleptonic B, decays,
where the quark-gluon sea is suppressed in the heavy
quarkonium [34]. Bjorken’s intuitive argument on color
transparency in his pioneering work [51], theoretical
development based on the QCD approach in the N% limit

[52], and heavy quark effective theory (HQET) [53]
provide justification for such approximation. In the present
study, we consider the contribution of the current-current
operators [54] only in calculating the tree-level diagram
expected to be dominant in these decays. The contribution
of the penguin diagram may be significant in the evaluation
of a CP violation and search for new physics beyond the
Standard Model. But its contribution to the decay ampli-
tudes in the present analysis is considered less significant.
In fact, the QCD and electroweak penguin operators’
contribution have been shown [55,56] to be negligible
compared to that of current-current operators in these
decays due to serious suppression of Cabibbo-
Kobayashi-Maskawa (CKM) elements. The Wilson’s coef-
ficients of penguin operators being very small, its con-
tribution to the weak decay amplitude is only relevant in
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rare decays, where the tree-level contribution is either
strongly CKM suppressed as in B — K*z or matrix
elements of current-current operators do not contribute at
all as in B — K*y and B® — K% [54].

The rest of the paper is organized as follows. In Sec. II, we
introduce the effective Hamiltonian and factorization for
two-body nonleptonic B,.-meson decay modes induced by
b — ¢g;q; transition at the quark level. The weak decay form
factors representing the hadronic amplitudes, calculated from
the overlap integral of meson wave functions in the frame-
work of the RIQ model are described in Sec. I1I. Section IV is
devoted to the numerical results and discussion, and Sec. V
contains our brief summary and conclusion. A brief review of
the RIQ model framework, wave packet representation of the
meson state, and momentum probability amplitudes of the
constituent quarks inside the meson bound state are
presented in the Appendix.

II. EFFECTIVE HAMILTONIAN AND
FACTORIZATION APPROXIMATION

In this section, we introduce the effective Hamiltonian
for two-body nonleptonic B, decays induced by b — ¢g;q;
at the quark level, where ¢; = u, ¢ and g; =d, s. As
described above, we consider only the contribution of
current-current operators at the tree level. Neglecting the
contribution of penguin diagrams, the decay modes sym-
bolized by B, — X z(ns)M, where X; is the ground and
excited charmonium states with n =1, 2, 3 and M is a
pseudoscalar (P) or a vector (V) meson, are governed by
the effective Hamiltonian [23,24,27,31,38],

Gr
V2

Hep =—={V e Valer () (2D)(du) + c5 () (db) (cu)]

where Gy is the Fermi Coupling constant, V;; are CKM
factors, (g,qp) is a short notation for V —A current
qar"(1 —ys)qs, and c,, are the Wilson coefficients.
With the effective Hamiltonian in the form (1), the decay
amplitude for B, — X ;(nS)M is given by

A(Bc - XcE(nS)M) = <XcE(nS)M|Heff|Bc>

:%Zuwwm 2)

where /; is the CKM factor, and (O); is the matrix element
of the local four-quark operators. In the framework of naive
factorization, the nonleptonic decay amplitude is approxi-
mated by the product of two matrix elements of quark
currents as

(X (nS)MIO|B,); = (MIJ*[0) (X (nS)\J,|B,)
+ (Xa(nS) < M), 3)

where J,, is the weak current. One of these is the matrix
element for the B, transition to one final mesons state,
while the other matrix element corresponds to the transition
from the vacuum to other final meson state. The latter is
given by the corresponding meson decay constant. In this
way, the hadronic matrix element of four-quark operators
can be expressed as the product of the decay constant and
invariant weak form factors [23,31,46,47,50,57,58].

Of course, there is difficulty inherent in such an approach
because the Wilson’s coefficients, which include the short-
difference QCD effect between y = my and p = m,, are u
scale and renormalization scheme dependent, while (O),
are p scale and renormalization scheme independent. As a
result, the physical amplitude depends on the u scale.
However, the naive factorization disentangles the long-
distance effects from the short-distance sector assuming
that the matrix element (O) at the y scale contains non-
factorizable contributions in order to cancel the u depend-
ence and scheme dependence of c¢;(u); ie., the
approximation neglects possible QCD interaction between
the meson M and the B.X .z system [50,58]. In general, it
works in some two-body nonleptonic decays of heavy
mesons in the limit of a large number colors. It is expected
that the factorization scheme works reasonably well in two-
body nonleptonic B, decays with radially excited charmo-
nium mesons in the final states, where the quark-gluon sea
is suppressed in the heavy quarkonium [23,34].

We also neglect here the so-called W exchange and
annihilation diagram, since in the limit My — oo they are
connected by Fiertz transformation and are doubly sup-

pressed by the kinematic factor of the order ( I:ZSV ). We also
discard the color octet current which emerges after the
Fiertz transformation of color-singlet operators. Clearly,
these currents violate factorization since they cannot
provide transitions to the vacuum states. Taking into
account the Fiertz reordered contribution, the relevant

coefficients are not ¢;(¢) and c¢,(u) but the combination

ar2(k) = €1a) + - 21 () @
c

Assuming a large N limit to fix the QCD coefficients
ay~cianda, R cyatu =~ mi, nonleptonic decays of heavy
mesons have been analyzed in Refs. [23,27,35,59].

The matrix elements corresponding to the transition from
vacuum to one of the final state pseudoscalar (P) or vector
(V) meson are covariantly expanded in terms of the meson
decay constant fpy as

(P|@ir*vsq,]0) = if pplp.
<V|‘_];'V”Qj‘0> = e fymy. (5)
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The covariant decomposition of matrix elements of the
weak current J, between initial and final pseudoscalar
meson state is

(P(pp)|Gcruan|B.(P))

= [(p+pp), —%qﬂ Fi(q?) +%%Fo(q2)

=(p+rp)f (@) +(p=pp)f-(d*), (6)
where

f+(q*) = Fi(4?). (7)

F®) =L ) - Fi) ®)

For transition to the vector meson final state, a corre-
sponding matrix element is parametrized as

_ V@) .,
<V(pV)|QCyuqb|Bc(p)> = mle/w/)o'e p/pV (9)
and
(V(pv)lacrursas|B:(p))
= (M + my)eAn(e) - 29 (o ) p + )
# M + my K
* e,
- 2rnV 2 QyA3(q2) + 2mV—2qu0(q2)’ (10)
where
M + mV M - mV
As(g?) = A (g?) — A,(g?). (11
3(q%) 2m, 1(q7) 2my 2(q7). (11)

Here, p, ppy stand for the four momentum of the initial
and final state mesons, respectively. M is the mass of
decaying B, and mp and my stand for the mass of the
pseudoscalar and vector mesons, respectively, in the final
state. ¢ = p — pp y denotes the four momentum transfer and
¢* the polarization of the final state vector meson. In order to
cancel the poles at ¢> = 0, invariant weak form factors
Fo(q?), F1(g%),Ao(q?) and Az(g?) satisfy following con-
ditions:

Fo(0) = F1(0) and Ay(0) = A5(0).
The decay rate for nonleptonic transition M — PP, is
expressed in terms of the decay amplitude A(B. — P P,) as
[(B. — PiPy) = (AL A(B, = PiPYR. (12)
8aM?
where & is the magnitude of three momentum of the final state
meson. In the parent meson rest frame, it is given by

- - 1

|k| = |PP|| = |PP2| = M
X [M2 - (mPl - sz)z]}l/z‘ (13)

[M?* — (mp, + sz)ﬂ

The corresponding expression of the decay rate for M —
PV(VP) is obtained in the form

123
I'(B. - PV,VP) = 14 S|A(B. — PV, VP)2, (14)
8rmy,
with
B = = (M2 = (mpy + myp)?)
2M PV V.P
X [Mz — (mpy — mv,P)z]}l/z- (15)

The relevant decay amplitude (2) is then expressed in the
form

G
A =—L(CKM factor)(QCD factor)(M? — m3 )
\/Z 1
X szFg[_’PI (4),
G -
A= 7g(CKM factor) (QCD factor)2my.fyFo~" (¢%),
and
G -
A =—E(CKM factor)(QCD factor)2my fpAs"" (¢?),

V2

for B, - P{P,, B, » PV, and M — VP decays, respec-
tively. The factorized amplitudes (3) are expressed in terms of

meson decay constants (f p /) and weak form factors F g”_’P b
F f"_’P, Agﬁv; it is straightforward to predict the decay rate

for different decay processes in the RIQ model framework.

III. TRANSITION AMPLITUDE AND WEAK
DECAY FORM FACTORS IN THE RELATIVISTIC
INDEPENDENT QUARK MODEL

We study two-body nonleptonic B, decays in three
categories: B, - PP, B, —» PV and B. — VP, where P
and V stand for pseudoscalar and vector meson final states,
respectively. The decay amplitude is calculated here from
the relevant tree-level diagram as shown in Fig. 1. The
color-favored “class I’ decays, represented by Fig. 1(a), are
characterized by an external W emission, where the decay
amplitude is proportional to the QCD factor a;(u).
However the “class III” type decays, represented in
Fig. 1(c), are those in which both the QCD factors
a,(u) and a,(u) interfere, providing effective contribution
to the factorized decay amplitude. As described above, we
consider the two-body nonleptonic B, decays induced by
the b — c¢g,q; transition at the quark level, where g; = u, ¢
and ¢; = d, s, with ¢ antiquark remaining a spectator. In the
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FIG. 1. Quark-level diagram of nonleptonic decay of meson
B. — X z(nS)M. (a) color-favored class I, (b) color-suppressed
class II, and (c) class IIT decays.

present study, we restrict our discussion to class I and class
Il B.-decay modes: each mode involving either 7.(nS) or
w(nS) in the final state.

In fact, the decay process physically occurs in the
momentum eigenstates of participating mesons. Therefore,
in a field-theoretic description of the decay process, it is
appropriate to represent the meson bound state in terms of a
momentum wave packet reflecting momentum and spin
distribution between a constituent quark and antiquark in
the meson core. In the RIQ model, the wave packet
corresponding to a meson bound state |B.(p,Sg ), for
example, at a definite moment p and spin state Sp,, 18
represented by

|Be(P.S5,)) = A(B. S )|(Pps 4); (Pes Az))

= b} (Pys 2)bi(Pes 2.)10), (16)

where |(Pp, A5); (Pz, Az)) is the Fock-space representation of
the unbound quark and antiquark in a color-singlet configu-
ration with respective momentum and spin: (p,,4,) and
(Pele)- IA); (ppsAp) and b, (p... A, ) are the quark and antiquark
creation operators. Here, A(p, S ) is a baglike integral
operator taken in the form

AP, Sp.) = FZgbc Aps Ao / B pyd3p.50
X(pbdl'pc_ﬁ)ch(ﬁb’ﬁc)' (17)

Here, v/3 is the effective color factor, and ¢ ffc (Ap, Ac) is the
SU(6) spin-flavor coefficients for the B.-meson state.

Imposing the normalization condition in the form
(B.(p)|B.(p")) = 6®)(p — p'), the meson state normaliza-

tion N(p) is obtainable in an integral form

N(p) = / EBolGs (FrB-Po)P. (18)

Finally, Gy (P, p — P») denotes the momentum distribution
function for the quark and antiquark pair in the meson core.
In this model, Gp (p).p—p,) is taken in the form
Gb,(Pvs P = Py) = /G (Py)G.(P — Pp) in the straightfor-
ward extension of the ansatz of Margolis and Mendel in their
bag model description [60], where G, (p,,) and G.(p — py,)
refer to the individual momentum probability amplitude of
the constituent quark. Here, the effective momentum dis-
tribution function in fact embodies the bound-state character
of [B. (7. 5,).

Any residual internal dynamics responsible for the decay
process can, therefore, be described at the constituent level
by the otherwise unbound quark and antiquark using
usual Feynman technique. The constituent-level S-matrix
element S,?i — ¢q;q; obtained from the appropriate
Feynman diagram when operated upon by the bag like
operator A(p, S ) (17) can give rise to the mesonic-level S
matrix in the form

Sg[_)X[E(HS)M N A(ﬁ,S )S?l—wqtq/ (19)

A'BL‘_)PIPZ

The nonleptonic decay mode, B, — P P,, where P; and
P, are pseudoscalar mesons, [Fig. 1(a)], is induced by the
b — cg,q; transition at quark level with the emission of a
W boson. The resulting quark ¢ and the spectator antiquark
¢ attached to the decaying meson state [B.(p.Sp))

hadronize to form |P, (l: Sp,)), while the externally emitted
W boson with four momentum ¢, which decays to a quark-
antiquark pair, subsequently hadronize to form the pseu-
doscalar meson state |P,(g.Sp,)). Considering the wave
packet representation of the participating meson states in
the factorized decay amplitude (3), the S-matrix element for
B, — PP, can be obtained in the general form,

S = (2”)45(4)(17 —q—k)(=iMy) x

\ /VzE‘; 11 V2Ef

(20)

The invariant transition amplitude My is in fact
extracted in the form

Gr

Mfl f

VoVo o aiA, (1)

q:9;
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where A = W"H u with

i |2En,

(27)?

and

(P>(q.Sp,)7"|0) (22)

Ng, (P

1 /dSﬁbGBC(l_ib’ P —Du)Gp,(Pp +k— D, P~ Dp)
N, (F) VE BOE.(By + - )

X \/[Eb(ﬁb) +E (= py)I[E(Py + k= D) + Ec(p — P»))(Sp,1/,(0)[Sp.)- (23)

Here, E,(p,) and E.(p, + k — p) stand for energy of the
nonspectator quark of the parent and daughter meson;
Db P> k represent the three momentum of the nonspectator
constituent quark b, parent meson B, and the daughter
meson P;, respectively. ¢ = p —k is equal to the four
momentum associated with the meson state |P,(g, Sp,)).
(Sp,|/,]Sp.) represents symbolically the spin matrix ele-
ments of the effective vector-axial vector current. For
transitions involving nonspectator constituent quark b,
the spin matrix element is

(Sp,ulS8.) = Y Coe(Rpe Ae)E0E (A 2 )

Ty A

X (P 4k = By A7, (1= 75)un(Bys ).
(24)

Here, u; stands for free Dirac spinor. ¢%¢(4,,1;) and
¢Pr(L, Az) are the appropriate SU(6) spin-flavor coeffi-
cients corresponding to the parent and daughter mesons,
respectively.

It may be pointed out here that in the description of any
decay process, for example, B, — PP, in the RIQ model
framework, the three momentum conservation is ensured
explicitly via 53 ( P4 + Pg; — p) in the participating meson
states. However, energy conservation in such a scheme is
not ensured so explicitly. This is in fact a typical problem in
all potential model descriptions of mesons as a bound states
of valence quarks and antiquarks interacting via some
instantaneous potential. This problem has been addressed
in our previous analysis in the context of radiative leptonic
decays of heavy flavored means B, B,., D, D, [38], where
the effective momentum distribution function Gy, (p,, . Pz,)
that embodies the bound-state characteristics of the meson
ensures energy conservation in an average sense satisfying
Ey = M(P.Su)l[Eq, (Pg,) +Eq,(P3,)lIM(P.Sy)). In view
of this, we take the energy conservation constraint
M =E, (p,)+ E;(—ps ). where M denotes the mass
of the decaying meson at rest. This along with the three

momentum conservation via appropriate 5 (p, + p,, —
p) in the meson state ensures the required four momentum
conservation ) (p — k — g) at the mesonic level, which is
pulled out of the quark-level integration so as to obtain the
S-matrix element in the standard form (20). This has been
discussed elaborately in our earlier work [47].

Since the axial vector current does not contribute to the
decay amplitude in the decay processes, B. — PP, the
only nonvanishing vector current part of (23) is simplified
after calculating corresponding spin matrix elements (24)
using usual spin algebra. The resulting timelike and space-
like part of the hadronic matrix element in the parent meson
rest frame are obtained, respectively, as

(PL(B)|Vo|B.(0) = Hy = / dByC(Ps){[Es(By) + my)
X [Ez(pp + ]_é) +mg| + p;} (25)

and

(PrRViIB0) = Hi = [ dBuC()EF) + milk
(26)
where
C(7)
Gp.(Pb»—Dp)9p, (P + k. —P»)

-

N, (0)Np, (k)

y \/ [Eb(Ps) + Ee (=B By + ) + Ee(=Fy)]
Ey(

ey =y .

Po)Ec(Py+K)Ey(Py) + mpl[Ec(py + k) +m]
(27)

Now, a comparison of the results [(25)—(27)] with the
corresponding expression of the covariant factorized ampli-
tude [(6)—(8)] yields the Lorentz invariant form factors
f1(g?) in the form
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700" =3 [ dBsCEH ) +m)

X [E.(By + k) +m.] + P}
+ [E, (D) + mp)[M F Ep |} (28)

Then, it is straightforward to get the model expression

for the form factor Fy(q?) from Fy(q*) = [szmi)} X
1

f-(g*) + f+(g?) in terms of which the decay rate I'(B, —
P\ P,) is obtained as

k
M8~ PPy = S PIR(R. (9)
where
Gr SR
A = ﬁvbcvq,qjal(M —mp )fp,- (30)
B. B, - PV

In the nonleptonic decay process B. — PV of the class I
category, the externally emitted W boson first decays to a
quark-antiquark pair which ultimately hadronizes to a
vector meson (V), and the ¢ quark originating from the
nonspectator b decay along with the spectator ¢ hadronize
to the pseudoscalar meson (P) forming a member of the
charmonium family. It can be readily checked that the
decay amplitude in the B, rest frame in such decays is
obtainable in terms of the invariant form factor F,(g?) as

(P(k)V(@)|Her|B.(0))

.Gp *
=0 Vg am P ). G

Here, e* denotes the polarization vector associated with
the daughter meson (V). The form factor F(¢?) in the
parent meson rest frame is obtained as

Fi@) = £(a) = [ dBiCE )

+ my)[Eo(By + k) +m.] + P}
+ [Ey(Pp) + my|[M — Ep)}, (32)

in terms of which the decay rate I'(B.— PV) is
expressed as

];3
I8, - PV) = X PR (AP (33)
my,

where

G
|Ay| = 7% Vchq,»qualmeV- (34)

C.B,—->VP

In the decay process of this category, the externally
emitted W boson first decays to a quark-antiquark pair
which ultimately hadronizes to a pseudoscalar meson (P).
The resulting ¢ from the nonspectator b decay and the
spectator ¢ hadronize to the vector meson (V) belonging to
the charmonium family. In this case, the vector current does
not contribute, and the nonvanishing decay amplitude due
to axial-vector current in B, rest frame is obtained in a
simple form

(V(K)P()|Het¢|B.(0))

= 1LV 2y fao( ). (39)

Although all four invariant form factors A;, A,, A3, and
A, are expected to contribute to the decay amplitude in
these decays, the contribution of a single form factor
Ao(g?) is relevant here as shown in (35). This is due to
the mutual cancellation of terms arising from the linear
relation (11). With the appropriate wave packet represen-
tation of the participating meson states |V(E Sy)) and
|B.(0,S5)), the nonvanishing factorized amplitude
<V(l_$ Sy)|A,|B.(0,Sg )) is calculated with respect to three
spin states (Sy = £1,0) of the vector meson (V) in the
final state. In the calculation of the spin matrix element, the
polarization vector e* associated with the final state vector
meson is extracted from the model dynamics. The model
expressions of the timelike and spacelike parts of the
decay amplitude are then obtained in the parent meson
rest frame as

(V(K, Sy)|Ao|B.(0, S5.))
- / dPyC(Bo) o) + mo)(@°8)  (36)

and
VIE 80,550 = [ dﬁbc<ﬁb>{[Eb<ﬁb> T m)

- 1'52
X [Ec(l_ib + k) + mc] _?b}é*’

(37)
respectively. A comparison of the expressions in (36) and

(37) with the covariant expansions (9) and (10) leads to the
model expression of the relevant form factor Ay(g?) as
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1

Ao(e?) =5 [ dBuCCE] [Eul) + mlb - )

=2
- .7 p
< BP0 + mollE B+ D)+ m] - 22,
(38)
Then, the decay rate I'(B, — VP) in terms of Ay(g?) is
obtained in a straightforward manner as

kI3
M8~ VP) = PR, (9)
Tmy,
where
Gr
‘A3| == VchZ],-qualmeP' (40)

V2

The two-body nonleptonic B, decay described so far in
this section refers to the color-favored “class I” decays
involving external emission of a W boson [Fig. 1(a)]. For
class III decay modes considered in the present study, the
contribution to the decay amplitude is extracted from
the Pauli interference of both the diagrams depicting
external and internal emissions of a W boson. The model
expressions for relevant form factors and decay rates for
such decays can be obtained by suitably replacing the
relevant flavor degree of freedom, quark masses, quark
binding energies, QCD factors a;, a,, and the decay
constants.

IV. NUMERICAL RESULTS AND DISCUSSION

For calculating the two-body nonleptonic B, decays in
the relativistic independent quark (RIQ) model, we need to
fix the flavor-independent potential parameters (a, V),
quark masses (m,), and corresponding quark binding
energy (E,). In fact, these parameters have already been
fixed in our model in reproducing the experimental meson
spectra in the light and heavy flavor sectors [39] and
subsequently used in the description of wide ranging
hadronic phenomena [40-47] involving participating mes-
ons in their ground state. Accordingly, the potential
parameters used in the present study are

(a.Vy) = (0.17166 GeV?, —0.1375 GeV).  (41)

The quark masses and corresponding binding energies in
GeV are taken as

m, =m, = 0.07875, E,=E,; = 047125,

m, = 031575,  E, = 0.591,
m, = 149275,  E, = 1.57951,
m, =4.77659,  E, = 4.76633. (42)

For relevant CKM parameters and the lifetime of a B,
meson, we take their central values from PDG [61] as

V| = 0041, [V, =09737,  |V.,|=0.987,
V.| =02245, |V =0221, (B, =0.51 ps.
(43)

For the masses and decay constants of the participating
mesons, considered as phenomenological inputs in the
present calculation, we take their central values of the
available observed data from Refs. [61-63]. In the absence
of the observed data in the charmonium and charm meson
sectors, we take the corresponding predicted values from
established theoretical approaches [64—67]. Accordingly,
the updated meson masses and decay constants used in the
present analysis are listed in Table I.

Note that, in the prediction of nonleptonic decays,
uncertainties creep into the calculation through input
parameters: model parameters, CKM parameters, meson
decay constants, and QCD coefficients (a;,a,), etc. As
mentioned above, we use in our calculation the potential
parameters (41) and the quark masses and quark binding
energies (42) that have already been fixed at the static-level
application of the RIQ model by fitting the mass spectra of
mesons in their ground state [39]. The same set of
parameters has been used in earlier application of RIQ

TABLE I. The masses and decay constants of mesons.

Particle Mass [61] (MeV) Decay constant (MeV) References

T 139.57 130.5 [61]
P 775.11 221 [61]
K* 493.677 155.72 [61]
K** 891.67 220 [61]
D*(1S) 1869.5 205.8 [61]
D*(18) 2010.2 252.2 [66]
DE(1S) 1968.35 252.4 [61]
DiE(18) 2112.2 305.5 [66]
n.(18) 2983.9 387 [67]
J/w(1S) 3096.9 418 [67]
B, 6274.47

Particle Mass (MeV) References

D(2S) 2581 [64]

D*(28) 2637 [62]

D,(2S) 2673 [64]

Di(28) 2732 [63]

7.(25) 3637. [61]

w(2S) 3686.1 [61]

D*(3S) 3068 [64]

D**(3S) 3110 [64]

DE(3S) 3154 [64]

D*(35) 3193 [64]

n.(3S) 4007 [65]

w(3S) 4039.1 [61]
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model yielding adequate descriptions of wide ranging
hadronic phenomena in the light and heavy flavor mesons
in their ground state. Subsequently, we extend our model
application to study the B.-meson decays into radially
excited daughter mesons [43]. In the calculation of such
decay processes [43], we use the same set of input
parameters [(41), (42)] except the quark binding energies.
The quark binding energies for excited meson states are
obtained by solving the equation representing appropriate
binding energy condition in our model. As such, we do not
use any free parameters that could be fine-tuned from time
to time to predict wide ranging hadronic phenomena as
stated above. In that sense, we perform parameter-free
calculations in our studies. In order to avoid uncertainties
that might creep into our calculation through the CKM
parameters and decay constants, we take their central
values of the observed data from Ref. [61]. In those cases
where observed data for decay constants are not available,
we use the predicted data from established model and
theoretical approaches [66,67]. Regarding the QCD coef-
ficient (a4, a,), different numerical values have been used in
the literature in the calculation of the nonleptonic transitions
of B. mesons induced by b-quark decay. For example
Colangelo and De Fazio, in Ref. [27] use QCD coefficients,
Set1: (a}, ab) = (1.12,-0.26), as fixed in Ref. [68]. In most
earlier calculations, the authors use a different set of QCD
coefficients, Set 2: (a?, a5) = (1.14,-0.2), fixed by Buras
etal. [52]in the mid 1980s, whereas Dubnicka ef al. [37] use
a different set of numerical values, i.e., Set 3: (a},d}) =
(0.93, —0.27). We use all three sets of the Wilson coefficients
in our calculation.

Before calculating invariant form factors using our input
parameters [(41), (42)], we would like to elaborate a bit on
the energy conservation ansatz discussed in Sec. III to
ensure the required energy-momentum conservation in our
description of nonleptonic B,.-meson decays. Considering a
meson state |X(0)) decaying at rest, the energy conserva-
tion constraint M = E, (p, )+ E,,(—p,,) might lead to
spurious kinematic singularities at the quark-level integra-
tion that appear in the decay amplitude. This problem has
been addressed in our model analysis on radiative leptonic
decays of heavy flavored mesons [41] and in similar studies
based on the QCD relativistic quark model approach [27]
by assigning a running mass to the nonspectator quark ¢,

TABLE IL

w3, (1B ) = M =2, 200 f1p, 4,

as an outcome of the energy conservation ansatz, while
retaining definite mass m,, of the spectator quark g,. This

leads to an upper bound on the quark momentum |p, | <

M2_m2
qy . 2 - .. .
s> in order to retain my (|p,, |) positive definite. The

shape of the radial momentum distribution amplitude
|Pg,1Gx(Pg,- —Pg,) over the allowed kinematic range 0 <
|Pg,| < |Pg, |max as shown in Figs. 5-7 also match with the
shape obtained in similar studies in the QCD relativistic
quark model approach [27]. The rms value of the active quark

(155,1). where (|57 [) = (X(0)[pg, |X(0)),
the expectation value of the binding energies of the active
quark ¢, and spectator ¢, and sum of the binding energy of
quark and antiquark pair (E, (P37 )), (E,,(|— P, [*)), and
(E, (P3)+ E, (|- Py 1)), respectively, calculated in the
framework of RIQ model, are presented in Table II.

It is note worthy to discuss three important aspects of our
results in Table II. (1) The rms value of the quark
momentum in the meson bound state is much less than
the corresponding upper bound |p, |..« as expected.
(2) The average energy of a constituent quark of the same
flavor in different meson bound states does not exactly
match. This is because the kinematics and binding energy
condition for constituent quarks due to the color forces
involved are different from one meson bound state to other.
The constituent quarks in the meson bound state are
considered to be free particles of definite momenta, each
associated with its momentum probability amplitude deriv-
able in this model via momentum space projection of the
respective quark eigenmodes. On the other hand the
energies shown in Eq. (42), which are the energy eigen-
values of the corresponding bound quarks with no definite
momenta of their own, are obtained in the RIQ model from
respective quark orbitals by solving the Dirac equation. It is
no wonder that we find the marginal difference between the
energy eigenvalues (42) and average energy of constituent
quarks shown in Table II. (3) Finally, we obtained the
expectation values of the sum of the energy of a constituent
quark and antiquark in the meson bound state in good
agreement with corresponding observed masses as shown

momentum

The rms values of quark momentum, expectation values of the quark and antiquark, and expectation

value of sum of the quark and antiquark pair in the meson states.

[1=2 i
Meson state (Pg,) (E, (P2))

(Eq, (I-P3,1)

([E,, (P3,) + E4 (|- P3,1)) Observed meson

|X(0)) (GeV) (GeV) (GeV) (GeV) mass (GeV)
IB,,(0)) 051 4799 0.480 5.279 5.27925
|B.(0)) 0.66 4.657 1.629 6.286 6.27447
|D(0)) 0.4506 1.4418 0.4275 1.8693 1.86965
D, (0)) 0.4736 1.4165 0.5517 1.9682 1.96835
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FIG. 2. ¢* dependence of the form factors in the nonleptonic B, decays to a final meson in the 1S state.
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FIG. 3.

in Table II. These important aspects of our results lend
credence to our energy conservation ansatz in an average
sense through an effective momentum distribution function
like Gy(p,,.—D,,) in the meson bound state |X(0)). This
ansatz along with three momentum conservation in the
meson bound state ensures the required energy momentum
conservation in our description of several decay processes
[39-47] as pointed out earlier. In the absence of any
rigorous field theoretic description of the meson bound
states, invoking such an ansatz is no doubt a reasonable
approximation for a constituent-level description of had-
ronic phenomena.

With the input parameters [(41), (42)], we first study the
g* dependence of the form factors in the allowed kinematic

q*(GeV?)

4*(GeV?)

¢* dependence of the form factors in the nonleptonic B, decays to a final meson in the 25 state.

range 0 < ¢*> < g2, from analytic expressions [(28), (32),
(38)]. In a self-consistent dynamic approach, we extract the
form factor from the overlapping integrals of meson wave
functions wherein the ¢’ dependence is automatically
encoded in relevant expressions. This is in contrast to
some model approaches cited in the literature where the
form factors are determined only at one kinematic point,
ie., at g> = 0 or ¢> = g%, and then extrapolated to the
entire kinematic range using some phenomenological
ansatz (mainly dipole or Gaussian form). Our predicted
g* dependencies of the form factors Fy(g?), F(q*), and
Ay(q?) for nonleptonic B, decays to ground and radially
excited meson states are depicted in Figs. 2—4. We find that
the form factors relevant to the transitions to 1S meson

B:—-) qc(3S). v(3S)

B - D(35).D'(3S)

B - D/(35).D, (35)

1 T 3 T T 2 T T T T
) [ |— k@ — Fq)
08l | F@ i b 20| ] =" @)
- AQ) ' - ALQ) , 1.5 |... A ,l_
7 i g 2r A 1 g i
8 i 4 8 | /] 8 I
Q Q Q I
& & i & A
1.5 - 1+ £
E E J £ s
) 4 & K 5]
= = A =
1+ P J
L 4 0.5 4
] 0.5 -
L o
1 1 L 1 L L L
00 5 10 00 5 10 15 00 2 4 6 8 10
q'(GeV?) ¢’ (GeV?) q'(GeV?)

FIG. 4. ¢ dependence of the form factors in the nonleptonic B, decays to a final meson in the 3S state.
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TABLE III.  The form factors (F,, Fy, Ap) at g> = 0 evaluated
in the RIQ model for exclusive nonleptonic B, decays to 1S, 25,
3S final state mesons.

Form Final meson

factors state B. - n.,J/y B.— D,D* B.— D,,D}
F, IN 0.3057 0.0163 0.040
F, 0.3058 0.018 0.045
Ay 0.3164 0.058 0.038
Fy 28 0.232 0.044 0.063
F, 0.232 0.046 0.066
A 0.232 0.076 0.060
Fy 38 0.160 0.043 0.054
F, 0.160 0.045 0.056
Ay 0.163 0.0405 0.051

states increase with increasing ¢” in the entire kinematic
range. This behavior, however, is not universal as the ¢>
dependence pattern is found different for transitions to
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FIG. 5. Overlap of momentum distribution
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FIG. 6. Overlap of momentum distribution

radially excited 25 and 3.5 meson states. We also find that
the form factors ', (¢*) and Ay (¢*) dominate F,(¢?) through
out the kinematic range for all transitions. In transitions to the
higher excited (25 and 3S) states, the plots for F(g*) and
Ay(g?) almost overlap throughout the kinematic range above
Fy(g?). Our predicted form factors at maximum recoil point
g*> — 0 as listed in Table III also satisfy the requirement for
pole cancellation in B. — P transitions.

Before evaluating the decay rates/branching fractions, it
is interesting to plot the radial quark momentum distribu-
tion amplitude |p,|Gp (p). —p),) for a decaying B, meson
at rest in its ground state along with that for the daughter
mesons in their ground as well as radially excited (25 and
38) states over the allowed physical range of the quark
momentum. From the plots shown in Figs. 5-7, we find that
the overlap region in the transition to ground (1S) state
is maximum. However, the overlaps of momentum dis-
tribution amplitudes are found to decrease as one con-
siders transitions to higher excited 2§ and 3S states.

3 : . : : . : : . | .
I —- Iy(1S) T
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q
amplitudes of the initial and final meson states.
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amplitudes of the initial and final meson states.
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FIG. 7. Overlap of momentum distribution

Since invariant form factors are extracted from overlapping
integrals of participating meson wave functions, one
expects the form factor contribution to the decay rate/
branching fractions in the decreasing order of magnitude
for transition to daughter mesons from their ground to
higher excited states.

We then evaluate the decay rates from the expressions in
Egs. (29), (33), and (39), and our results for general values
of QCD coefficients (a;,a,) of the operator product
expansion are listed in Table IV to facilitate a comparison
with other dynamical model predictions.

Our predicted branching fractions for various tree-level
two-body nonleptonic B, decays to 1S, 2S, and 3S
charmonium states in comparison with other model pre-
dictions are listed in Tables V, VI, and VII, respectively.

Our results for decays to 1S, 25, and 3S final states
corresponding to three sets of QCD parameters are listed in
the second column of each table. As expected our predicted
branching fractions are obtained in the following hierarchy:

3 . I . . . : . : . : :

i —-p,as) i

251 - bres _

- === D,(3S) 1

o 2 — B1S) |
>

> | i
g

L5 -

el -
IS]

o7 | -

0.5 .

I : . L .
0 L5 2 25 3

Ipql(GcV)

amplitudes of the initial and final meson states.

B(B, - X..(35)M) < B(B. — X,-(25)M)
< B(B. = X..(15)M).

Our results for transitions to 2S5 and 3§ final states are
found about two and three orders of magnitude smaller,
respectively, than those for 1§ final states. The node
structure of the 25 wave function is responsible for small
branching fractions. In the calculation of the overlap
integral of meson wave functions, as there is no node for
the initial wave functions, the positive and negative parts
of the final wave function give contributions which
cancel each other out yielding a small branching fraction.
With regard to 3S final states, there are even more severe
cancellations, which lead to still smaller branching
fractions. As expected the tighter phase space and weaker
g*> dependence of form factors also lead to smaller
branching fractions for transitions to higher excited 2§
and 3S final states.

TABLEIV. Decay widths in units of 107> GeV for general values of the Wilson coefficients (a;, a,) in nonleptonic B.-meson decays
to 1S, 28, and 3S charmonium states. For the sake of brevity, we use the notation 7., ' = n.(2S),w(2S); 7!, w" = n.(3S),w(3S).

Decay Width Decay Width Decay Width

B; > n.n 0.394a2 B, > . 0.143a2 B; > nlzn 0.0485a2

B: - n.K 0.0312a2 B - .k 0.011642 B; = 'K 0.003942

B; = n.D (0.306a, + 0.221a,)? B; - y.D (0.199a, + 0.3012a,)? B: - y!D (0.1009a, + 0.2325a,)?
B; - n.D; (1.727a, + 1.478a,)? B; - n.D; (1.135a, + 1.5558a,)? B7 - D, (0.512a, +0.9910a,)?
B = n.p 1.237a? B > 1n.p 0.450a? B; — 1! 0.1541a?

B; = n K* 0.0652a? B; = n.K* 0.0.0237a? B; - n!/K* 0.0081a2

B; - n.D* (0.346a, +0.2819a,)>  B; = n.D* (0.199a; + 0.3611a,)? B; - D" (0.0662a, + 0.2059a,)?
B; - n.D; (1.893a, + 1.720a,)? B; - y.D; (1.062a, + 1.6054a,)? B; - n!D; (0.313a; + 0.558a,)?

B, — J/yx 0.4949a% B »y'n 0.173a? B; > yiin 0.061a?

By = J/yK 0.0387a? B; - w'K 0.0136a? By — ylK 0.0045a2

B; - J/yD (0.306a, + 0.4784a,)? B; > y'D (0.178a; + 0.399a,)? B; = w!!D (0.0753a; + 0.2567a,)?
B; - J/wD; (1.697a; +2.0503a,)> Bz = y'D; (0.9708a, + 1.964a,)>  B7 — wiID; (0.345a; + 0.3634a,)?
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TABLE V. Branching fractions (in %) of the B, — n.X and B, — J/ywP decays, where X = P, V in comparison with other model

predictions.
This work
a; =093 g =112 a =114

Decay a, =-0.27 a, =-0.26 a, =-0.20 [22] [24] [27] [31] [32] [33] [34] [35] [36] [38]
By = n.m 0.0264 0.0383 0.0397 0.083 0.025 0.094 0.13 0.14 020 0.18 0.189 0.19
B - n.K 0.002 0.003 0.0031 0.006 0.002 0.0075 0.013 0.011 0.013 0.014 0.015 0.015
B — n.D~ 0.0039 0.006 0.0068 ---0.005 0.014 0.010 0.014 0.015 0.0012 --- 0.019
By — n.Dy 0.1128 0.1861 0.2169 0.50 044 035 026 0.28 0.054 0.44
By = n.p 0.0828 0.120 0.124 0.20 0.067 024 030 033 042 049 0518 045
B; —» n.K* 0.0043 0.0063 0.0065 0.011 0.004 0.013 0.021 0.018 0.02 0.025 0.029 0.025
B; - n.D* 0.0046 0.0076 0.0088 <.+ 0.003 0.012 0.0055 0.013 0.010 0.0010 --- 0.019
B. — n.D: 0.1301 0.216 0.254 0.057 024 036 024 027 0.044 0.37
B; - J/yx 0.0331 0.038 0.039 0.0664 0.06 0.13 0.076 0.073 0.11 0.13 0.18 0.101 0.17
B; - J/wK 0.0025 0.003 0.0031 0.00527 0.005 0.007 0.006 0.007 0.008 0.011 0.014 0.008 0.013
B; - J/wD 0.0018 0.00369 0.00496  0.00552 --- 0.013 0.0083 0.0044 0.009 0.009 0.0009 0.015
B; —» J/wD, 0.0813 0.1449 0.1801 0.137 035 024 0.12 0.15 0.041 0.34 0.34

Our predictions for branching fractions corresponding to
B, decays to 1S and 28§ final states are found in general
agreement with some model predictions and differ from
other model predictions by a factor of 2-3 as shown in
Tables V and VI. There are a few theoretical predictions on
the branching fractions for B.-meson decays to higher 35
states. Our predicted branching fractions with respect to
three sets of Wilson coefficients are found comparable to
the predictions based on the improved Bethe-Salpeter
approach [29,30] as shown in Table VII.

Our prediction for B. — X :(1S)M decays shown in
Table V are in good agreement with the model predictions
of Refs. [22,24,27,31], and those for class III transitions
like B; - n.Dy,B; - n.D}, and B; — J/wD} moder-
ately agree with those of Refs. [32—-38]. For other decay
modes, our results are about one order of magnitude smaller

than theirs. For B, — X :(25)M decays, our results as
listed in Table VI also agree well with those of
Refs. [22,23,25] and agree moderately with the results
of Refs. [27,29,30]. Compared to the branching fractions
for B, — n.x and B, — 'z predicted in the perturbative
QCD approach based on k; factorization [20], our results
are found one order of magnitude smaller. Our predictions
of B, = X.:(3S)M decays shown in Table VII are found
comparable to those of the model calculation based on the
improved Bethe-Salpeter approach [29,30], except
for B, — w"D decay which is found one order of magni-
tude larger than theirs. The dominant decay modes to 1§
meson states are B. — n.(p~, Dy, D;”) and B. — J/wDj
which should be accessible at LHCb. The predicted
branching fractions of decays to 2§ and 3§ states B, —
1.(p=. D5, D;7), B, = w'Dy, and B. = ni(p~, Dy, D;”),

TABLE VI. Branching fractions (in 107#) of the By — 5.X and BZ — y’P decays, where X = P, V in comparision with other model
predictions.
This work

a; =093 a =112 a =114
Decay a, =-027 a,=-026 a,=-020 [35] [22] [23] [24] [25] [27] [29,30] [20]
B —nl.n 0.95 1.39 1.44 24 2.4 1.7 22 0.66 1.67 10.3
B; - n.K 0.077 0.11 0.117  0.18 0.18 0.125 0.16 4.9 x 1072 0.119
B; - n.D 0.083 0.161 0.21 0.20 0.057 i 22x1072 3.19x 1072
B. - n.D 3.12 5.81 7.4 8.7 0.67 0.785 4.47
B, - 1.p 3.01 12.03 12.46 55 55 3.6 5.25 1.4 3.56
B — n.K* 0.15 0.23 0.239  0.28 0.26 0.15 0.25 7.15 x 1072 0.191
B. — n.D* 0.059 0.12 0.185  0.11 0.21 7.8 x 107 0.285
B: — n.D? 2.37 4.61 6.13 44 4.5 0.20 3.56
B - y'n 1.15 1.34 1.39 22 297 37 1.1 0.63 2.0 1.42 6.7
B: - y'K 0.091 0.105 0.109 0.16 023 029 8x102 445x102 89x 1072 0.102
B - yw'D 0.0258 0.07 0.11 0.11 0.138 0.24 73 %1072 1.55x 1072
B, - y/'D, 1.075 2.57 3.94 44 3.08 525 1.2 2.69
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TABLE VII. Predicted branching fractions (in 10~) of the B, — #’x and B, — y"P where X = P, V.
This work
a; =0.93 a; =1.12 a =1.14
Decay a, =—-0.27 a, =—0.26 a, =—-0.20 [29] [30]
B: - 3ln 3.2 4.7 4.8 2.16
B: - 'K 0.26 0.38 0.39 0.153
BZ - D 0.074 0.21 0.36 e
B = 5D, 33 7.72 11.5
B: = ylp 10.1 14.9 15.5 4.29
B — y/K* 0.54 0.79 0.81 0.225
B: — /D" 0.24 0.032 0.09 e
B: = n'D; 1.52 32 4.6
B - vy'n 4.08 4.7 4.8 3.11
B - y'"K 0.301 0.35 0.36 0.214
B - yw'D 0.04 x 1073 0.02 0.092 . 3.67 x 1073
B: - y'D, 3.84 6.6 7.9 e 3.76

B, = y'"D; up to ~10™ may be accessible at high
luminosity hadron colliders in the near future. All other
decays discussed in the present work cannot reach the
detection ability of current experiments.

It is of interest to estimate the ratios of branching fractions
of pairs of modes B, - PV,B. - PP,and B, - VP,B, —
PP which are expected to be ~3 from naive spin counting.
We find that only for the pair B; — n.(nS)p~ and B, —
n.(nS)z~ does the naive spin counting hold good. However,
for all other pairs, we obtain approximate equality except for
the pairs By — w(nS)Dy and B — 5.(nS)D; where our
predicted ratio shows an inversion of the spin counting ratio.
The deviation of the naive spin counting is a common feature
of all model predictions.

The relative size of branching fractions for nonleptonic
B. decays is broadly estimated from power counting of
QCD factors in the Welfenstein parametrization [69].
Accordingly the class I decay modes determined by the
QCD factor, a; are found to have comparatively large
branching fractions which should be measured experimen-
tally. In class III decays, which are characterized by Pauli
interference, the branching fractions are determined by the
relative value of a; with respect to a,. Considering the
positive value of a; = 1.12 and negative value of a, =
—0.26 in Set 1, for example, used in the literature, this leads
to destructive interference. As a result, the decay modes are
found suppressed in comparison with the cases where
interference is switched off. However, at the qualitative
level, it is known that the ratio a,/a; is a function of
running coupling constant @, evaluated at the factorization
scale, which is shown to be positive in case of b-flavored
meson decays corresponding to small coupling [54]. The
experimental data also favor constructive interference of
color-favored and color-suppressed B,.-decay modes.
Considering positive value aé’ = 0.26, our predicted

branching fractions for class III decays to 1.5 and 2S5 final
states find enhancement by a factor ~2 to 4 and ~3 to 7,
respectively, over that obtained with a negative value of
ab = —0.26. For decays to 3S final states, the enhancement
is still more significant.

It is possible to study the effect of Pauli interference in
class III B, decays by casting the decay width in the form
[ =T, + AT, where I’y = x?a} + x3a3, AT = 2x,x,a,a,,
and computing %)F in % as done in [47,48,55]. The absolute
values of % for B, decays to 1S final states are found in the

range of 32.7% — 63.9%. Those for decay modes to 25 and
3S final states are obtained in the range of 57.7% — 82.6%
and 46.2% — 97.3%, respectively. Thus, we find that
interference is more significant in class Il B, decays to
higher excited 2S and 3S states compared to those
estimated for decays to 1S final states.

Finally, we predict the studied observable R: ratios of
branching fractions of the nonleptonic B.-meson decays. It
may be noted that the CKM matrix elements and decay
constants do not contribute to the ratio R. The QCD
parameter which appears in the decay amplitudes and the
theoretical uncertainties caused by naive factorization for
nonleptonic decays also get canceled a lot in calculating the
observable R. Contrary to other observables, the above
mentioned ratios, in which the production of a B. meson is
canceled totally, provide an essential test of the decays.
Besides giving useful information about the form factors,
these ratios could offer a test of the adopted quark model.
Our predicted observables (R) are listed in Table VIIL. One
can see that our results for the ratios R/, Rp /-, and
Ry2s)0/y are consistent with the LHCb data within
experimental uncertainties. In particular, our predicted
Rp, /= = 3.7832 exactly matches the central value of the
experimental data from the ATLAS Collaboration [15].

053007-14



EXCLUSIVE NONLEPTONIC B--MESON DECAYS TO §- ...

PHYS. REV. D 105, 053007 (2022)

TABLE VIII. Ratios of branching fractions: R.
Ratios R Our work Experiment
0.069 + 0.019(Stat.) & 0.005(syst.)
_ B(B.~J/yK) .
Ri/e = 55~ 1jysl 00783
0.079 £ 0.007(stat.) £ 0.003(syst.)
Ro,jx = 55 =11y} 37832 ASAL 104502
— BB~y (29)7)
Ry 28)/ 1w = W 0.3394 0.250 + 0.068(Stat.) = 0.014(Syst.) & 0.006
_ _BB.~J/yr) 0.0142 0.049 + 0.0028(Stat.) &= 0.0046(Syst.)

R”Jr//ﬁl/ T B(B.—~J/yu'y,)

Compared with the predictions of other theoretical studies,
our predicted Rp /. is found very close to 3.4570% of Rui
et al. [21] in their studies based on the PQCD approach and
comparable to 2.6 (QCD PM) [27], 2.2 (BSW RQM) [59],
2.06 £ 0.86 (LFQM) [22], 2.0 (RCQM) [38], 1.3 (QCD SR)
[34],and 1.29 £ 0.26 (CCQM) [38]. Only the predicted ratio
R 7/ 1s found to be underestimated. Since the related ratios
are mostly determined by the hadron transition, the agree-
ment between the observed values and our predictions
indicates a strong support to our approach to study non-
leptonic B, decays within the framework of the RIQ model.

V. SUMMARY AND CONCLUSION

In this work, we study the exclusive two-body nonleptonic
B. — X.:M decays, where X_; is a S-wave charmonium
state and M is either a pseudoscalar (P) or a vector (V) meson.
We consider here three categories of decays: B, —
PP, PV, VP decays within the factorization approximation
in the framework of the relativistic independent quark (RIQ)
model based on a flavor-independent interaction potential in
the scalar-vector harmonic form. The weak decay form
factors representing decay amplitudes and their ¢> depend-
ence are extracted in the entire kinematic range of 0 < ¢> <
q%.x from the overlapping integrals of the meson wave
functions obtainable in the RIQ model.

In calculating the decay modes, we find our predicted
branching fractions in a wide range ~1072 to 107>, in
reasonable agreement with most other model predictions.
The dominant decay modes to 1§ charmonium states are
B - n.(p~,D;,Di") and B. — J/wDj; which should
be experimentally accessible. The branching fractions to
2S and 3S charmonium states By — #.(p~, Dy, Di™),
B. - y'Dy, and B. - n¢(p~, D5, D5”), B, — y" D5 pre-
dicted up to ~10~* may be accessible at high luminosity
hadron colliders in near future. Other decay modes with
lower branching fractions cannot reach the detection ability
of current experiments. As expected, our predicted branch-
ing fractions are obtained in the hierarchy,

B(Bc - XLE(?’S)M) < B<Bc - XCZ(2S)M)
< R(B. = X.:(1S)M).

This is due to the nodal structure of the participating meson
wave functions in the decays to higher excited states,
tighter phase space, and weaker ¢> dependence of the form
factors for the decays to higher excited states in comparison
to the decays to ground (15) states.

The class I decays determined by QCD coefficient a; are
found to have comparatively large branching fractions
which should be measured experimentally. The class III
decays, characterized by Pauli interference, are determined
by both QCD parameters a; and a,. Considering the
positive values of a; and negative value of a, used in
the literature, this leads to destructive interference, as a
result of which this class of decays is found to be
suppressed compared to the case where the interference
is switched off. We find the interference is more significant
in class III B, decays to higher excited 2S and 3§ states
compared to that found in the decays 1S final states.

In the wake of recent measurements of the ratios of
branching fractions by the LHCb Collaboration for non-
leptonic B, decays, these ratios are calculated in the present
study, and our predicted ratios of branching fractions R /.,
Rp, /x> and Ry, (254, are consistent with the LHCb data
within experimental uncertainties, although our prediction
of R,/ is found to be underestimated. Since the CKM
parameters and decay constants do not contribute and the
QCD parameter and the theoretical uncertainties due to
naive factorization are also canceled a lot in calculating the
ratio R, these predicted ratios, contrary to other observ-
ables, could offer a test for the phenomenological models
adopted in the description of nonleptonic decays. Our
results for the weak form factors, branching fractions,
and ratio R indicate that the approach adopted here works
well to describe nonleptonic B, decays within factorization
approximation in the framework of the RIQ model.

APPENDIX: CONSTITUENT QUARK ORBITALS
AND MOMENTUM PROBABILITY AMPLITUDES

In the RIQ model, a meson is pictured as a color-singlet
assembly of a quark and an antiquark independently
confined by an effective and average flavor-independent
potential in the form U(r) = (1 + y°)(ar* + V,), where
(a, V) are the potential parameters. It is believed that the
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zeroth order quark dynamics generated by the phenom-
enological confining potential U(r) taken in equally mixed
scalar-vector harmonic form can provide an adequate tree-
level description of the decay process being analyzed in this
work. With the interaction potential U(r) put into the
zeroth order quark Lagrangian density, the ensuing Dirac
equation admits a static solution of positive and negative

energy as
ige(r)
v (M) = <3j;§(,)> (7).
wg—)@:( e )ffgm’ (A1)
where, & = (nlj) represents a set of Dirac quantum

numbers specifying the eigenmodes, and Ug(7) and
U¢(#) are the spin angular parts given by

Uljm(F) = Z(lmzi slim) Yy (7) f"‘,

mp,mg

Uljm(?) = (_I)H-m_lUlj—m(?)- (A2)

With the quark binding energy £, and quark mass m,, written
in the form Ej, = (E, - V0/2) my = (mg + V0/2) and
w, = E,, + my, one can obtain solutlons to the resulting
radial equation for g:(r) and f:(r) in the form

1+
gnz—zv,d(i) exp(—r2 /2R )L (22,
r

nl

I
St =Ny <L> exp(—r?/2ry;)
Tnl

1 _ _
x [(n +1- E)Li_ll/z(rz/rﬁ,) + Lk ]/2(r2/rﬁl) ,

(A3)

where, r,; = aa);l/ ‘s a state-independent length para-
meter, and N, is an overall normalization constant
given by

N2 —_ 4F(l’l) (a)nl/rnl)
" T(n+1+1/2) (3E, +ml)’

(A4)

and Litll/ 2 (r?/) rﬁ ;) etc. are associated Laguerre polynomials.
The radial solutions yield an independent quark bound-state
condition in the form of a cubic equation,

(4n+20-1).

(wg/a)(Eq —mg) = (AS)

The solution of the cubic equation provides the zeroth order
binding energies of the confined quark and antiquark for all
possible eigenmodes.

In the relativistic independent particle picture of this
model, the constituent quark and antiquark are thought
to move independently inside the B.-meson bound state
with momentums p,, and p,, respectively. Their individual
momentum probability amplitudes are obtained in this
model via momentum projection of respective quark
orbitals (A1) in following forms:

For ground state mesons (n = 1,/ = 0),

L inNy [(Ep, +my) Py’
G = v (E, +E _Bb )
~ j E, +m,
Gc(pc) = - Bt ( e )/E + EL)

2a,m, E NP

P2
<. A6
X eXp ( 4%) (A6)
For the excited meson state (n = 2,1 = 0),
G _, lﬂNb E + mb E + Eb
Eh +my,)
x [ = — é exp ([ ——
Zab 2) *P 4a,, :
- I, c (E + c) (E + E. )
G.(pe) £
2a, E, (E. +m,)
)
p: 3 Pe
- = — A7
E2)er(i)
For the excited meson state (n = 3,/ = 0),
G (1—5 ):”[Nb (pr+mb) (pr+Eb)
bAD 2ay, E, (Ep + my)
=4 )
Pb 5 15 b
(8% 4a, g eXp( 4oy )’
~ iiTNC (E -+ mc) (E -+ Ec)
G(po) = :
2a, E, (E. +m.)
=4 =2 )
P Spe 15 pe
— . A8
* (8% 4a, 8 ) exp ( 4ac) (A8)

The binding energies of constituent quarks and antiquarks
for the ground state of B, mesons as well as the ground and
excited final meson states for n = 1, 2, 3; [ = 0 can also be
obtained by solving respective cubic equations representing
appropriate bound state conditions.
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