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Abstract: Motivated by the rapid development of heavy flavor physics experiments, we study the tree-dominated
nonleptonic B , — D,

form factors are calculated by employing the covariant light-front quark model. Helicity amplitudes are calculated
and analyzed in detail, and a very clear hierarchical structure |H_g| ~ 2|Hoo| > |Ho-| = |H| > |Ho+| = |H++| is presented.

GV (V=D",Dy,K"",p") decays within the factorization approach. The relevant transition

The branching fractions are computed and discussed. Numerically, the CKM-favored Bj; — Djp~ and DD~ decays

have relatively large branching fractions,
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1 Introduction

The B meson weak decay plays an important role in
testing the flavor dynamics of the standard model (SM),
searching for the possible hints of new physics, and in-
vestigating the approaches of dealing with the hadronic
matrix element. Experimentally, with the successful run-
ning of B factories, BaBar and Belle, manyBB samples
have been accumulated, which provide a fertile ground
for the b-physics study. Owing to the ongoing LHCb ex-
periment [1], many measurements of B meson decays are
refined, and some new decay modes are observed.
Moreover, the running SuperKEKB/Belle-II experiment
also provides us with a lot of information about B meson
decays [2]. Meanwhile, there are also a plenty of other b-
flavored hadron events, such as A, and B et al., that will
be accumulated in the future, which may provide much
more extensive space for b-physics research.

The B meson with the quantum number of n?*+!L; =
135 and J = 1~ is the vector ground state of the (bg) sys-
tem [3-7], and it can in principle play a similar role to the
B meson. However, the B meson decay is dominated by
the electromagnetic process B* — By, and its weak decay
is too rare to be observed in previous heavy-flavor experi-
ments. Fortunately, due to the rapid development of particle
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physics experiments in recent years, this situation can be
improved by LHC and Belle-II experiments in the future
[1, 2, 8]. For instance, the annual integrated 1um1nos1ty of
Belle-II is expected to reach up to ~13 ab™!, and the B
weak decays with branching fractions > 0(10*9) will
hopefully be observed [2, 9]. Moreover, the LHC experi-
ment will also provide significant experimental informa-
tion for B~ weak decays due to the much larger beauty
productlon cross-section of pp collision relative to the
e*e” collision [10]. Therefore, theoretical studies of B
weak decays are urgently required to provide some use-
ful suggestions and references for relevant measurements.
Some theoretical studies on B weak decays have
been recently conducted. In Ref. [11], the pure leptonic
Bj — {C and Bj, . — Iv decays are studied, and the detect-
ability of LHC on these decays is analyzed in detail.
These decays are revisited in Ref. [12] with the decay
constant obtained via a relativistic potential model. In ad-
dition, the impact of B! , — uu on By, — uu decays is dis-
cussed in Ref. [13], and the authors of Refs. [14—17]
probe the signatures of physics beyond the SM through
these decays. Some semileptonic B decays are evaluated
within the framework of QCD sum rules [18—20], the
Bauer-Stech-Wirbel model [21], and the Bethe-Salpeter
method [22]. The effects of new physics are studied in a
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model- independent way in Ref. [23]. Some CKM-
favored B, — D,P and D,V decays are evaluated in the
framework of naive factorization (NF) [9, 24], perturbat-
ive QCD (PQCD) [25], and QCD factorization (QCDF)
[26, 27]. In this study, we focus our attention on the
Bj; — D,V (V=D"",D;”,K*",p~) decay modes.

Comparing B, — D,P and D,V decays with the cor-
responding B, — D, P and D,V decays, respectively, one
can find a close relationship between them, as their main
difference is B — D, vs. B, — D} [9, 24], and their amp-
litudes are similar to each other. The B — D}V process,
meanwhile, is a peculiar decay mode, and there is no cor-
respondence from B decays. Comparing with B} — D,P
and D,V decays, the B; — D;V decay is far more com-
plicated, because it involves higher allowed helicity states
of initial and final mesons contributing to the amplitude,
which is worth careful study. In addition, the form factors
of B, — D}, and B, — V transitions play an important role
in estimating the amplitudes, however there is no avail-
able results that can be currently used. Thus, in this study,
we calculate these form factors within the framework of a
covariant light-front quark model (CLFQM).

Our paper is organized as follows. In Section 2, after
a brief review of the theoretical framework, the helicity
amplitudes of B, — D,V decays are calculated in detail.
In Section 3, the input parameters used in this work are
given, particularly, the relevant form factors are calcu-
lated within the CLFQM. Subsequently, the numerical
results and discussions for the B, — D,V decays are
presented. Finally, we provide our summary in Section 4.

2 Theoretical framework

The effective Hamiltonian responsible for nonlepton-
ic B* decays can be written as

eff—T Z

2
Vb Vg . Cil)Oilar)
i=1

p,p'=u,¢
+ Vpr;qZCi(p)Oi(ﬂ) +he., (1)

i=3
where Gr is the Fermi coupling constant, V,V7,

(¢ =d, s) is the product of Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements, C;(u) is the Wilson coefficient

(Vi(er, prley,bIB (€, p)) =€- € [-PuV1(q*) + 4, V2(q?)

% . *, e vz 2i
(Vi(er. pIcy,ysbIB* (€. p)) =—iepmape” & x| PYA1(g?) - 4" Ao |+ ——
M. —ny

where ep123=-1, P=p+p,q=p—pi
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and can be calculated with the perturbation theory [28,
29], 0; is local four-quark operator, and its explicit form
can be found in, for instance, Refs. [28, 29].

To obtain the decay amplitudes, we have to deal with
the hadronic matrix elements of local operators,
(V1 V1|0,|B*), involved in the amplitude. A simple way for
this purpose is the naive factorization (NF) scheme [30-
34] based on the color transparency mechanism [35, 36].
Within the NF approach, the hadronic matrix element of
B* — V1V, decay can be factorized as

Hy' 2 = (ViVaIQIlB) = (ValLlOXVIIIBY),  (2)
where the recoil vector meson that carries away the spec-
tator quark from B meson is referred to as V1, and the
emission vector is referred to as Vs; /11(2)*15 the helicity of
Vi) meson, and the helicity of initial B meson satisfies
Ag = A1 —A>. The two current matrix elements (V5|J,|0)
and (Vy|J;|B*) in Eq. (2) can be further parameterized by
the decay constant and form factors.

In the framework of NF, the non-factorizable contri-
butions dominated by the hard gluon exchange are lost.
To evaluate these QCD corrections to the matrix ele-
ments and reduce the scale-dependence, the QCDF ap-
proach is explored by BBNS [37, 38]. Despite this, the
NF approach is employed in this study because of the fol-
lowing reasons: (i) in the framework of QCDF, the amp-
litude obtained through NF can be treated as the leading-
order (LO) contribution of the QCDF result. For the
b — ¢ induced tree-dominated nonleptonic B®*) decays,
compared with the LO contribution, the NLO and NNLO
non-factorizable QCD corrections generally yield about
4% and 2% contributions [27, 38, 39], respectively.
Therefore, for the B* — D*V decays studied here, the NF
can provide relatively reliable predictions and the small
non-factorizable QCD correction is numerically trivial
before these B’ decay modes are measured precisely. (ii)
The QCDF approach is not suitable anymore for the case
of the heavy emission meson [38], for instance,
B* — D*D* decays.

The decay constant and form factors are essential in-
puts for evaluating current matrix elements in Eq. (2).
The former is defined as

(Valer, p2)Igy"ql0) = fy,mr&", 3)

where m; and e, denote the mass and the polarization vec-
tor of the V, meson, respectively. The form factors for
B* — V| transition are defined by [40]

P V3" — 4, Va(qP)]| ~(e- )€t Vs(a7) + (€] - eaVo(g),

1 @
€wapP" P x| €€ DAs(q) - € (e PAsgD)].

(5)

= p2, and ¢y is the polarization vector of the B*(V;) meson.
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Subsequently, after contracting the current matrix ele-
ments, we can obtain the H)' VZ for the seven allowed heli-
city states of final mesons, wrltten as

(m3, +m3 —m3) _ 2myp; -
H(‘)/(‘)VZ — fym2 pclimy 1 2 7+ . szc V
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Using the formulas given above, we can finally ob-

tain helicity amplitudes of tree-dominated B, , — D; , 'V

(V=D*",Di ,K*, p‘) decays, which can be written as

where p. =

AB~ - DK = [an K VaViar+HY D Vi Viasl,

V2
(13)
AB~ — D) _7[ HYY Ve Ve +HYD Ve Vigasl,
(14)
— %0 yk— GF DD *
AB™ > DD = \/EH oy [V Vo (ar +ay
+agew) + VipVyg(as +agew)l, (15)

AB~ - DDy =2E \/- Hy ' Ve Ve +a +a ew)
+ Vi V(s + as gw)l,
(16)
D* £3 *— GF
AB - DK = ﬁHﬁ’jK Vb Visrr, (17)
AB° > D™p —)_— f)p Vo Ve, (18)
N
AB — HD*_)——HZeD [V Vi1 + s + as gw)
V2
+ Vi Vi(as + as pw)l,
(19)
_ G
AB - D DY) ==ZH, T Ve Vi@ +as +aq )
V2
+ Vi V(s + as gw)l,
(20)
D! * DK £
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(23)
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24
(& C
where O!]=C1+ﬁ2, (12=C2+ﬁ1, CZ4=C4+VF3 and

C . .
aspw =Cro+ =2 are effective coefficients, and N,. = 3 de-

notes the number of colors.

Using the helicity amplitudes given above, one can
further obtain the branching fraction of B* — D*V decay,
defined as

Pc

11
B(B* > D'V)=-——*t¢
( ) 3 87T m%xl"tot(B*) 1

> AB - DV,
oA Ay

(25)
where Ty((B*) is the total decay width of B meson, and
the factor 1/3 is caused by averaging over the spins of the
initial state.

3 Numerical results and discussions

Using the theoretical formulas provided in the last
section, we present our numerical evaluation and discus-
sions. First, we would like to clarify the values of inputs
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used in our numerical calculation. For the well-known

Fermi coupling constant Gp and the masses of mesons,

we take their central values given by PDG [3]. For the

CKM matrix elements, we adopt the Wolfenstein para-

meterization, and the four parameters 4, 4, p and n are as
follows [3]

0.015 0.00044

A =0.836"703, 4=0.22453"7 0000,

p=0.12270018. 7= 035570011 (26)

Using these inputs, we can easily obtain the values of

CKM elements relevant to this work, V, =0.974480-0010,

N 0.00044 _ 0.00018 _: 0.00014

Vis = 0.22453t00088éf4,vu,, = 0.00120250% 8?017_10'00354t8'888113’
_ +0. : +0. = o

Veq=—0.22438+0-00044 _30,00015+3:90001 v/, =0.97359+3:90010

and V, = 0.04215*3:0%077 at the level of O(4°). For the de-

cay constants of emission mesons, we assume their val-

ues extracted from experimental data and predicted by
lattice QCD

for =223.5+8.4MeV [41],
fi- =204+ 7MeV [42],

Sp:=268.8+6.6MeV [41],
fo=210+4MeV [43].

27
The total decay width of the B  meson represents the es-
sential input for evaluating the branching fraction,
however, there is currently no available experimental res-
ult. Based on the fact that the radiative process B* — By
dominates the decays of the B meson [3], we can take the
approximation that I['(B*)~T'(B* — By). The predic-
tions for ['(B* — By) have been obtained in various theor-
etical models [44-50]. In this study, the light-front quark
model (LFQM) is employed to evaluate I'(B* — By). The
relevant theoretical formulas have been obtained in Ref.
[49]. Using the values of the Gaussian parameter 8 given
in Refs. [51, 52], we can obtain the updated LFQM pre-
dictions for I'(B* — By) as follows

To(B)=T(B* — B™y) = (349 + 18)eV, (28)

Ioi(B*)~T(B** = BY) = (116 +6)eV, (29)

Tio(By)=T(B; — Byy) = (84%))eV, (30)

which agree with the ones obtained in previous works
[44-50].

Besides the input parameters given above, the trans-
ition form factors Vf:vl (m3), Af:vl (m3) are also essen-
tial ingredients for the estimation of certain nonleptonic
B decay. However, there is currently no available result.
In this work, we adopt the CLFQM [53—55] to evaluate
their values. Our theoretical results for V;_¢(¢*) and
Ay_4(¢%) defined by Egs. (4) and (5) are given explicitly
in the appendix. The convenient Drell-Tan-West frame,
gt =0, is used in the CLFQM [53-55]. This implies that
the form factors are known only for space-like mo-
mentum transfer, because ¢> = —¢> <0, using the formu-
las given in the appendix. Meanwhile, the ones in the
time-like region need an additional ¢* extrapolation. The
momentum dependences of form factors in the space-like
region can be efficiently parameterized and reproduced
via the three parameter form (dipole approximation),

F(0)

L—a(g?/m}) +b(g?/m3)"

F(¢) = (€2
where, F = V,_ and A;_4. The parameters a, b, and F(0)
can be first determined in the space-like region. Sub-
sequently, we employ these results to evaluate F(g%) at
g* >0 via Eq. (31). Using the best-fit values of constitu-
ent quark masses and Gaussian parameter obtained in
Refs. [51, 52], we provide our numerical results for the
form factors of B* — (D*, K*, p) and B} — D transitions
in Table 1. In the following numerical calculation, these
values and their 10% are treated as default inputs and un-
certainties, respectively.

Using theoretical formulas given in the last section
and the inputs given above, we present our predictions for
the branching fractions of B; — D;V decays in Table 2,
where the first theoretical error is caused by the uncer-
tainties of CKM parameters, decay constants, and total

Table 1. Form factors of B* — (D", K*, p) and B} — Dj transitions in CLFQM.
FB'=D"(() a b FB'=K"(0) a b FB'~r(0) a b FB:=D5 () a b
A, 0.66 1.31 0.42 0.33 1.75 0.89 0.27 1.79 0.97 0.65 1.42 0.64
A, 0.35 1.32 0.42 0.27 1.75 0.88 0.25 1.80 0.97 0.38 1.47 0.67
As 0.07 1.79 1.10 0.07 2.28 2.20 0.07 2.39 2.37 0.10 1.89 1.33
Ay 0.08 1.81 1.15 0.07 2.29 2.33 0.06 2.35 2.46 0.09 1.88 1.36
14 0.67 1.31 0.43 0.33 1.74 0.96 0.28 1.79 0.01 0.66 1.43 0.64
173 0.36 1.32 0.42 0.27 1.74 0.95 0.25 1.80 1.02 0.38 1.48 0.67
V3 0.13 1.72 1.01 0.11 2.16 2.04 0.11 2.23 2.16 0.15 1.79 1.20
Va 0.00 -0.08 1.24 —0.01 2.91 4.24 -0.03 2.77 3.74 -0.02 2.22 1.92
Vs 1.17 1.30 0.40 0.68 1.71 0.90 0.60 1.76 0.95 1.19 1.41 0.61
13 0.48 1.29 0.40 0.16 1.67 0.81 0.14 1.70 0.82 0.53 1.35 0.56
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Table 2. Branching fractions and helicity fractions (%) of Bfl — DV decays.

Decay mode 8 foo f—- Ser f-o f+0 fo- So+
B — DK 11070014019 % 1077 24.4 45 0.3 69.2 0.0 1.4 0.2
B*~ — D*%p 2.23+000+039 % 1078 24.1 33 0.2 71.0 0.0 1.2 0.2
B~ = DD 1.4470-11+029 5 1077 12.9 13.1 1.8 56.6 0.4 13.8 15
B~ — DD}~ 37170 8+082 x 1078 12.1 14.1 2.0 54.8 0.5 14.7 1.8
B0 prr g 34070244038 1077 19.7 32 0.3 73.2 0.0 3.4 0.2
B — D*p~ 6.857026+11Tx 1078 20.1 25 0.2 744 0.0 2.6 0.2
B0 _ p* D+ 4.33703+0.74 % 107 12.9 13.1 1.8 56.6 0.4 13.8 15
B0 — D**D*" L117096+0.19 5 1077 12.1 14.1 2.0 54.8 0.5 14.7 1.8
B - DK 4.807033+083 % 107 20.2 3.2 0.3 72.7 0.0 35 0.2
B > Ditp~ 9.39703¢+1 43 x 1078 20.4 2.5 0.2 74.1 0.0 2.7 0.2
B — DD 6.107041+ 103 x 107 133 13.0 1.7 56.2 0.3 14.1 1.4
B - Dy Dy 1.54*008+0.20 5 1077 12.9 13.9 1.9 544 0.4 15.1 L5

decay width. The second theoretical error, in turn, is
caused by the form factors. Moreover, to clearly show the
relative strength of each helicity amplitude, we list the
numerical results for the helicity fraction defined as

iﬂ/l,,iz(B; — DZV) 2
Z/L,/lz lﬂ/h/lz(B:; — D;k] V)|2

in Table 2. The following are some discussions.

From Table 2, there is a very clear hierarchy of the
branching fractions indicating that 8(B;, — D;,p™)> B(B, —
D;K*") and B(B, - D;D;") > B(B, — D;D*"), which is
mainly caused by CKM factors V.,Viuy: VepVis =
VeoVes : VapVea =~ 1/A. Meanwhile,  B(B, — D;D;") >
B(B, - D;p") and B(B, — D;D"") > B(B, — D;K"") be-
cause fp > f, and fp > fk., respectively. The CKM
favored B;, — Dp~ and D; D decays have relatively large
branching fractions, > O(107®), and therefore it might be
possible to observe them by LHC and Belle-II experiments.

The B* — V.V, (V. denotes light vector meson) de-
cay modes should have much smaller branching fraction,
<O(107%), because they are suppressed at least by the
CKM factor and relatively small form factors. They are
generally out of the scope of LHC and Belle-II experi-
ments, and thus are not considered in this study.

The SU(3) flavor symmetry acting on the spectator
quark requires that

AB*™ — DV)~ ABY - D**V) ~ AB — Di*V),

fax(By = DyV) = (32)

(33)
which implies the relation that
BB~ — DV): BB, - D**V): B(B® - Di*V)
1 1 1
(34)

" Ta(B7) " Ti(B0) " Tia(BY)
From Egs. (28)—(30) and Table 2, it can be easily found

that our numerical results agree well with such relation
required by the SU(3) flavor symmetry.

* There is also a clear hierarchy of helicity amp-
litudes for a given B, — D,V decay. The helicity picture
for the case of Az =0 is similar to the case of B, —» D,V
decay [56—58], and the only difference is the helicity of
the spectator quark. As shown in Table 3, relative to the
(Ap-,Ay) =(0,0) helicity state, the contribution of the
(-,—) state, H__, is suppressed, because the b quark has to
flip its spin in the interaction. For the contribution of the
(+,4+) state, besides of the spin flip, it is also suppressed
by the (V—A) interaction, because the final quark in the
(V —A) interaction appears in the "wrong" helicity. There-
fore, the helicity amplitudes, Hyo, H__, and H,., should
satisfy the relation

\Hool > [H-—| > |Hi.l. (35)

More explicitly, for the case of the light ¥ meson, the re-

Table 3.
(A1,42). Initial B meson is at rest and appears at the top left dia-

Helicity diagrams for helicity states of B* — V, V> decay,

grams. S(F) denotes that the corresponding contribution of helicity
state is suppressed (favored) by (V —A) interaction and/or spin flip.
See text for further explanation.

Helicity state (0,0), (0,0), (=-) (+,+)
: t
Helicity diagram l [\f)vw I l‘\MN I LM l [Nw
A
(V - A)/spin flip F/F S/F F/S S/S
Helicity state (-,0) (+,0) 0,-) 0,+)
Helicity diagram I [vv\/\l l l l lMMi I [Nw
N TR A
(V —A)/spin flip F/F S/F F/S S/S
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lation |Hool : [H——| : |[Hys| = 1 : 2my /mp. : 2mymp. m?,  ex-
pected in the B, — DV, decay [56-58] is also satisfied
by the B — D}V, decay. For the case of the heavy V'
meson, the suppression caused by the spin flip is not as
strong as the case of light " meson, therefore the fy is re-
latively small. Our numerical results in Table 2 are con-
sistent with the analyses mentioned above.

Similar analyses can be further applied to the cases
Ap- = — and +. Hence, it is expected that |H_¢| > |Hp+| and
|H,o| = |Ho-|. However, the later is not satisfied numeric-
ally, even though they follow |H.o|:|Ho-| = mp./my in
form. This is caused by the fact that the main contribu-
tions related to V; and A; in H,o, Eq. (9), almost com-
pletely cancel each other out, because (V; —A;) < O(107%)
is predicted by CLFQM.

After making some comparisons on the helicity states:
(0,0) vs. (=,0), (=,—) vs. (0,-) and (+,+) vs. (0,+) in
Table 3, we find that their helicity diagrams are the same
except for the helicity of the spectator quark, which is
trivial for analyzing the suppressions induced by the
(V —A) interaction and spin flip. Therefore, it is expected
that

|[H_o| = 2|Hool, |Ho-l=|H__|, |Hoil~|Hisl.  (36)

The factor 2 in the first relation is because the vector state
|/,J;) =1,0) can be expanded in terms of its constituent
1 1

(anti-)quark ’s spin states as |1,0) = % |z 7 2)I > 2)

111 1
|2 2)| 5 2)2 in which the first and second terms corres-

pond to the B meson, as well as the recoil vector meson,
in (0,0); and (0,0), states (see Table 3), respectively.

Meanwhile, for the B and recoil Vector mesons in

the(—,0) helicity state, we have |1, —1)—|2 1)|1,—%>.

Therefore, the contribution of (0,0) ~ (0,0); helicity state
receives an additional factor 1/2 relative to the contribu-
tion of the (—,0) state. The effect of such a normalization
factor results in a significant difference between the
B* —» VV and B — VV decay modes, where the former is
dominated by the (—,0) state, whereas the latter is domin-

Appendix: Form factors of v/ —

Using the theoretical formalism of the CLFQM detailed in
Refs. [53—55], we obtain the form factors of the V/ — V" transition
written as

N h,]’l 2 ,2
T fd dszxl\A/’ A//( 4)[ A( )+ (m] +m'1 -
1

72 72
M +M 1, .,

“ 1
+N{+N")—7m'1m']'+A(l>( m; — 3 + 54"+ mym)

1 1
+ — (m] +m )A(2) s
Dy Dyn

’ "
—m\my —mj mz) (

(AD)

ated by the (0,0) state.

The findings given by Eq. (36) can be easily con-
firmed by our numerical results listed in Table 2. Taking
B0 - D**K*~ decay as an example, we obtain

|H_o| : |[Hpol =193 vs.2, |Ho-|:|H-_|=1.03vs.1,
\Ho| s |His| =0.89 vs. 1, (37)

where, for the two values in each relation, the former is
our numerical result, and the latter is the expectation of
Eq. (36).

Combining the findings given above, we can finally
conclude the hierarchy of contributions of helicity states
as follows:

|[H-ol = 2|1Hool > |Ho-|~|H--| >|Hos|~|Hil. (38)

4 Summary

In this study, motivated by the experiments of heavy
flavor physics at running LHC and SuperKEKB/Belle-I1
with high-luminosity, the tree-dominated nonleptonic
BZ - D;V (g=u,d,s and V=D"",D;",K*",p") decays
are studied first within the framework of the factorization
approach, in which the transition form factors of B; — Dj
and B* — K*,p transitions are calculated within the cov-
ariant light-front quark model. The helicity amplitudes
are calculated and analyzed in detail. These decays are
dominated by the (Ap,, Av) = (-,0) helicity state, and the
contribution of the (0,0) state is about half of the one of
(-,0) state in amplitude. This is obviously different from
the B meson decay, which is dominated by the (0,0) state.
Moreover, the helicity amplitudes of B; — D;V decays
follow a very clear hierarchical structure, given by Eq.
(38). The branching fractions are computed, and the ef-
fects of CKM factor, SU(3) flavor symmetry and total de-
cay width are discussed in detail. Numerically, the CKM-
favored B; — D;p~ and D;D;” decays have relatively
large branching fractions, > O(107%), which are expected
to be observable in LHC and Belle-II experiments in the
future.

Vv” transition in CLFQM
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where  f(x,ki,q.) = x—;mg + %ki —ky -qy +Xmimy = x(mimy +m{ my)
and Dy, =My +m'"” +my is the factor appearing in the vertex
operator. Here, we use the same notation and convention as Refs.
[53-55], and the explicit forms of Z,, ' /N{(") and A,(.j) functions

can be easily found therein.
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