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Abstract: The ground vector B;: meson has not yet been experimentally discovered until now. Besides the domin-

ant electromagnetic decays, nonleptonic weak decays provide another choice to search for the mysterious B}

mesons. Inspired by the potential prospects of B mesons in future high-luminosity colliders, nonleptonic B; weak

decays induced by bottom and charm quark decays are studied within the SM by using a naive factorization ap-
proach. It is found that for By — Bygm, B’;dn, Bsap, BsK, ByK, BK*, n:(15,28)m, n:.(15,28)p and y(1S,25)n
decays, a few hundred and even thousands of events might be observable in CEPC, FCC-ee and LHCb@HL-LHC

experiments.
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I. INTRODUCTION

According to the gg quark model assignments for
mesons, bottom-charmed mesons are unique particles
consisting of two heavy quarks with different flavors, be-
cause it is generally assumed that the top quark being the
heaviest element fermion of the standard model (SM) has
a very short lifetime and decays before hadronization.
The bottom-charmed mesons are isospin singlets, and
have nonzero additive quantum numbers, Q= B = C =
+1, where O, B and C are respectively electric charge,
bottom and charm. The bottom-charmed mesons, analo-
gical with hidden-flavored charmonium c¢¢ and bot-
tomonium bb, are often considered as nonrelativistic
bound states. Hyperfine splitting interactions divide the
ground bottom-charmed states into the spin singlet 1'S
and triplet 135, corresponding to the pseudoscalar B.
meson with the spin-parity J* = 0~ and vector B: meson
with J® = 17, respectively.

The pseudoscalar B. meson was first discovered via
B. — J/ym and J/ynn*tn~ decay modes with hadronic Z°
decay sample data collected by the DELPHI detector at
the e*e™ collider LEP in 1997 [1]. The natural properties

of the B. meson including its mass, lifetime, and spin-
parity have now been well determined [2]. In the mean-
time, the vector B meson has not been definitively iden-
tified by experimental physicists yet. All the information
on the B} meson comes only from theoretical calculation
for the moment. Undoubtedly, it is a matter of great ur-
gency to find and identify the B} meson in experiments,
which is the basis and prerequisite for obtaining a deeper
insight into the desired B! meson, and distinguishing by
different theoretical models.

The production probability of bottom-charmed
mesons is far less than that of heavy-light B,, mesons
and heavy-heavy charmonium and bottomonium. First,
two heavy quark pairs of both bb and c¢ should be al-
most simultaneously produced in a high energy process,
and then a b (or b) quark from a bb pair and ¢ (or ¢)
quark from a c¢ pair should be lucky enough to combine
and finally form bottom-charmed mesons [3]. In positron-
electron collisions, bottom-charmed mesons can be pro-
duced via Z° boson decay,

et +e »2' > be)+b+c, (1)

Received 23 September 2022; Accepted 4 November 2022; Published online 5 November 2022

* Supported by the National Natural Science Foundation of China (11705047, 12275068, U1632109, 11875122), the Natural Science Foundation of Henan
Province, China (222300420479) and the Excellent Youth Foundation of Henan Province, China (212300410010)

" E-mail: yangyueling@htu.edu.cn
% E-mail: jshuang@foxmail.com

¥ E-mail: changgin@htu.edu.cn

* E-mail: sunjunfeng@htu.edu.cn

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must main-

tain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded by SCOAP’ and published under licence by Chinese Physical Society
and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Pub-

lishing Ltd

013110-1


http://orcid.org/0000-0002-7688-2076
http://orcid.org/0000-0003-2887-3033
http://orcid.org/0000-0003-4742-4292

Yueling Yang, Liting Wang, Jinshu Huang et al.

Chin. Phys. C 47, 013110 (2023)

for example, the observation of B, mesons by DELPHI
[1], ALEPH [4] and OPAL [5] detectors in LEP experi-
ments. In hadron-hadron collisions, the bottom-charmed
mesons can be produced via gluon-gluon fusion and
quark-antiquark annihilation,

g+g—-72° > b)) +b+c, )

q+c'1—>ZO—>(bZ')+l_9+C, 3)

for example, the observation of B, meson by CDF [6] and
DO [7] at Fermilab Tevatron, by LHCb [8] in LHC exper-
iments. More and more B mesons are expected to be ac-
cessible in the future. Given the branching ratio of Z° bo-
son decay Br(Z°—bb) = 15.12(5)% [2] and the bottom
quark fragmentation fraction f(b—B’) ~ 6x107* [9-11],
there will be more than 108 B mesons from 10> Z° bo-
son decays at the Circular Electron Positron Collider
(CEPC) [12], and more than 10° B; mesons from 10'3 Z0
boson decays at the Future Circular Collider (FCC-ee)
[13]. Assuming the B} production cross section is about
100 nb for pp collisions at /s = 13 TeV [14], more than
3x10'% B mesons will be available with a total integ-
rated luminosity of 300 fb~! at LHCb of HL-LHC [15].
The huge amount of experimental data provides an excel-
lent opportunity and solid foundation to carefully study
the B} mesons.

Because of its nonrelativistic nature, the mass of the
B! meson is approximately equal to the sum of the mass
of bottom and charm quarks, i.e., mg. ~ m, + m.. A re-
cent lattice calculation gives mp. = 6331(7) MeV [16],
which agrees basically with many other theoretical estim-
ations with various theoretical models (e.g., references
[150-207] of Ref. [17]). Owing to the hierarchical rela-
tionships among mesonic masses, mp. < mp + mp and
mp. < mp_+ my, the B; meson can not decay through the
strong interaction. The dominant decay of the B} meson
is the radiative transition process, B, — B. + vy. This par-
tial decay width can be written as [18],

. 4
[(B:—B.y) = 3 Qem kf, BB, P 4)

where the center-of-mass momentum of a photon in the
rest frame of the B! meson and the magnetic dipole (M1)
momentum are respectively defined as

m%,‘ —m2
k, = — ~56MeV, 5
y 2mp, & Q)

It is clear that, kinematically, the parity and angular
momentum conservation in electromagnetic interactions
require the orbital angular momentum between the B,
meson and photon to be L = 1. In addition, the photon is
very soft, resulting in a very small phase space. Dynamic-
ally, the decay width is proportional to the fine-structure
constant a.p, of the electromagnetic interactions and the
module square of the magnetic dipole momentum, while
the magnetic dipole momentum is inversely proportional
to the mass of heavy quarks. The combined effects of
both kinematical and dynamical factors produce a very
narrow decay width, I'(B:—B.y) ~ 60 eV [17]. A good
approximation is the full decay width of the B} meson
I'p. ~ I'(B;—B.y). Experimentally, the electromagnetic
process B — By with an occurrence probability of al-
most 100% should be easily detected at the e*e~ CEPC
and FCC-ee colliders, thanks to the excellent photon res-
olution of the electromagnetic calorimeter and the fine
performance in reconstruction technology and methods of
the charged particle tracks. Because the masses of B and
B. mesons are very close, the detection of the photon
from the B — B,y process plays a critical role in distin-
guishing between the B} and B. mesons. The identifica-
tion of the soft photon is very challenging. Moreover, the
photon from the M1 transition B, — B. + 7y decay is
bound to be seriously affected by those from
bremsstrahlung radiation and chaotic electromagnetic
backgrounds, which results in identification inefficien-
cies. Besides the electromagnetic interactions, the B}
meson can also decay through weak interactions in the
SM of elementary particles. The narrowness of the full
width of the B! meson affords great potential for experi-
mental investigations on B weak decays. The B! weak
decays provide a good opportunity and an important and
useful alternative to find and explore the foreseeable B
mesons with some novel methods in future high-luminos-
ity and high-precision experiments.

Compared with electromagnetic B} decays, there are
plenty of B meson weak decay processes. Based on the
weak interaction couplings between particles, both com-
ponent quarks of the B! meson, the heavy bottom and
charm quarks can transmit into first and second family
quarks lighter than themselves. These B, weak processes
can be classified into three types, similar to those for the
pseudoscalar B, meson: (1) the bottom quark decays
while the charm quark remain quiescent as a spectator;
(2) the charm quark decays while the bottom quark re-
main inactive as a spectator; (3) the bottom and charm
quarks annihilate into a virtual charged W boson. The
purely leptonic B} decays belonging to type (3) suffer ad-
ditional complications from the final neutrinos. The
charged hadrons from B} weak decays, such as pions and
kaons, are relatively easy to identify in sensitive particle
detectors. In this paper, we estimate the branching ratio
for Bi* — BP, BV, B*P, yP, n.P, 1.V decays arising
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from external W emission with the factorization ap-
proach, where P (V) denotes the positively charged pion
and kaon (p* and K**). Some studies [19—22] have
shown that these processes in question have relatively
large branching ratios between B! meson weak decays
and should have priority to be investigated experiment-
ally. Here, we hope to provide a feasibility analysis of
searching for the B! meson via some particular non-
leptonic weak decays in future high-energy and high-lu-
minosity experiments.

The remainder of this paper is organized as follows.
The effective Hamiltonian for the nonleptonic B} weak
decays in question is given in Section II. Branching ra-
tios and our comments are presented in Section III. Sec-
tion IV is devoted to a brief summary. The decay amp-
litudes are listed in Appendix.

II. THEORETICAL FRAMEWORK

The effective Hamiltonian for the concerned non-
leptonic B} decays is written as [23]

Gr .
Ho = —F2 V2, Vg, {C1 00 +C, 08) 7)
Gr * C ¢
+ Vi Vug [C1 05 +C, 05}, 8)

where Fermi constant G ~ 1.166x107> GeV~2 [2] and
Wilson coefficients C;, are process-independent coup-
lings. Eq. (7) and Eq. (8) correspond to type (1) and (2)
B} decays, respectively. V., and V,, are the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements [24, 25],
and their magnitudes have been determined experiment-
ally [2].

[Viual = 0.97370(14), ©)
[Viusl = 0.2245(8), (10)
[Veal = 0.221(4), 11)
[Vesl =0.987(11), (12)
[Vep| = 0.0410(14). (13)

The expressions of effective tetra-quark operators are
written as

0% = [bo " (1 =ys)cal gy (1=ys)qig).  (14)
05 = [ba ¥ (1=y5)callagy (1 =¥5)q1al.  (15)
O] = [G2a ¥ (1 =ys)cal[tpy, (1= ¥5)q3s],  (16)

05 = [an’y#(l—’ys)Cﬁ] [17157,,(1—75)613(1]’ (17)

where @ and g are the color indices, ¢1,3 = d and s.

It is clear that the calculation of hadronic matrix ele-
ments (HMESs) is the remaining central missions of decay
amplitudes. HMEs trap the tetra-quark operators between
initial and final mesons, and involve long- and short-dis-
tance contributions. Recently, several attractive phe-
nomenological methods based on power counting rules
and QCD perturbative calculations have been developed
to deal with HMEs, such as the QCD factorization
(QCDF) approach built upon the collinear approximation
[26—36], and the perturbative QCD (pQCD) approach
where contributions from the transverse momentum of
valence quarks and Sudakov factors for hadronic wave
functions are taken into consideration [37—43]. The theme
of both the QCDF and pQCD approaches is to properly
factorize the perturbative and nonperturbative contribu-
tions contained in HMEs and appropriately evaluate their
shares. The main objective of this paper is to determine
whether the B} meson can be explored in future experi-
ments, so an approximate estimation of branching ratio is
completely sufficient. In this sense, the naive factoriza-
tion (NF) approach [44] is used and applied to nonlepton-
ic B} meson weak decay in our calculation. The physics
picture of the NF approach is very simple and clear. The
results from the NF approach can be regarded as the lead-
ing order approximation of those from the QCDF ap-
proach. What matters is that the NF approach often has
good performance for nonleptonic B and D weak decays
induced by external W emission interactions. Using the
NF approximation as a working hypothesis, it is usually
assumed that the final state interactions and annihilation
contributions may be disregarded. The product of quark
currents in effective tetra-quark operators could be re-
placed by the product of the corresponding hadronic cur-
rents formed by the physical hadrons involved. HMEs of
tetra-quark operators are separated into two HMEs of
hadronic currents, which are further parameterized by
hadronic decay constants and transition form factors.

Due to their relatively large mass, vector mesons de-
cay dominantly through strong and/or electromagnetic in-
teractions within the SM. The weak decays of the vector
mesons are rare processes and usually draw less attention.
Following the conventions in Refs. [45—49], the hadronic
decay constants and transition form factors are defined by
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HMEs of color-singlet diquark currents.

B =0 (18)
A =
Ju =D YuY592, (19)
(P(K)| jy 10) =0, (20)
(P(k)| j3 10y = =i fpk,, 21
(V(k.e)ljy 0y = fymy €, (22)
(V(k.e)l j310) =0, (23)
) i VB:—>P 2)
PO B ep) = emap€ PP ——L) (22
mB; +mp
(P(p2)| j3 B (€. p1))
=+i2mp. qf GuAETP () +ie, (mp +mp) AP ()
. €q AB~P €q B:—P, 2
+1WP;4 ” Ca )—i2mp: qz quAs” (@),
(25)
(V(ex, p2)ljy IB;(e1,p1))
=—(aeNPVy " @ -aquVy (@)
2 2
(e1r9) (&5-q) myp. —ny, BV
+ P 22 P/l - ) M V (qz)
mB: —my, q
mz, —m2
+ B( V B —)V( )}
—(ae, Vs P+ peauVe (g (26)
(V(ex, p2)l jiy IBi(€r, p1))
2 2
. . mg.—my | g
_—1eﬂmﬂ 6(11/ 626{|:PV— T :|Alf( V(qz)
m2 —m2
B: \% N
+— g Ay 2)}
q
ig, Paqﬁ - * -
— &AL (P - (@ ALV (@)
mB: —mV
27)

where mp (my) and fp (fy) are the mass and decay con-
stant of final pseudoscalar (vector) mesons, respectively;
€ 1s the polarization vector; A; and V; are mesonic trans-
ition form factors; the momentum P = p; + p, and g =
p1 — p2. There are some relationships among form
factors,

B—)P B—)P

0) = 0), (28)
B —>V(0) B —>V(0), (29)
vi~Yo) = v o). (30)

The decay constants and form factors are nonperturb-
ative hadronic parameters. These parameters are univer-
sal, and can be obtained from data and some nonperturb-
ative methods. The experimental data on the B meson
are still unavailable. Phenomenologically, form factors at
the pole ¢> = 0 are expressed as the overlap integrals of
mesonic wave functions [45], where the mesonic wave
functions are nonperturbative but process-independent
physical quantities. For example, the form factors for the
B — By, transitions have been calculated with the Wir-
bel-Stech-Bauer model in Ref. [20]. Recently, the form
factors for the B — J/y, B} transitions have also been
investigated with the light front quark model (LFQM) in
Ref. [48]. Additionally, as noted, the latest decay con-
stants obtained with LFQM [50, 51] are generally consist-
ent with the data as well as those from lattice QCD simu-
lations and QCD sum rule approaches. Following the cal-
culation in Ref. [48], we obtain the form factors for the
B — y(28), 1.(18), n.(2S), By transitions with LFQM.
The numerical values of the form factors are listed in Ta-
ble 1. The theoretical uncertainties are not particularly
important or worthy of our attention for the moment.
After all, the magnitude order estimation of branching ra-
tios for the nonleptonic B} weak decays is quite suffi-
cient for the present purposes.

III. BRANCHING RATIO

The branching ratio of nonleptonic B decays is
defined as

Pem

—
—|A|, 31
247rm%71"33| | Gh

Br =

where p., is the center-of-mass momentum of final states
in the rest frame of the B} meson. A denotes the decay
amplitudes, which are collected in the Appendix. With
the input parameters in Table 1 and Table 2, we obtain
the branching ratios, which are listed in Table 3.
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Table 1. Mesonic decay constants [2, 17] and form factors at the pole ¢> = 0 [48].
fr = 130212 MeV fx = 155.740.3 MeV f, = 207.7£1.6 MeV fir = 2025%53 MeV
yE=H09) _ 56 yEaS) _ g 33 Vﬁewuw 020 yEIS) 47
VIR < 065 AT 0.5 AT =003 AT =014
Ve _ 039 VB _ 030 VEYE) _ 012 VEIES 2 0.79
VBSOS _ .48 APV =037 AFTED 2 0.13 A7 = 007
vEerBs ~ 063 vEehs ~ 106 VT 2 040 VISR 35
VISR 300 ABSE ~ 053 AZTE ~ 073 AZTB 085
VESE Z 052 VRS s vESE Z 040 vt =35
VESE Z 266 APSP 043 AZE 081 A5 = 0.89
yBi=ne(1S) = .91 Agiﬂm(ls) — 0.66 Aflf’fﬂm-(lS) — 0.69 Ag?ﬁﬂc(ls) - 0.59
VBi—=ne28) — (.59 Agiﬁnc(zs) - 043 Aff-—’np(25> - 041 Agi—"k-(ZS) — 051
VB=Bs = 3.40 AB=B 069 AR =075 Ay =096
VBB 2308 AFP = 060 AT = 065 A7 = 001

Table 2. Mesonic mass (in units of MeV) [2], where their central values are regarded as the default inputs unless otherwise specified.

my; = 139.57 my, = 775.26+0.25

mg = 493.677+£0.016 mg+ = 891.66+0.26

mp, = 5366.88+0.14 mp; = 54154718

mp, = 5279.65+0.12
my.1s) = 2983.9+0.5

mp, = 5324704021
mys) = 3096.9

Myeas) = 3637.5+1.1 my@s) = 3686.10£0.06

Our comments on branching ratios are as follows.

(1) For the nonleptonic B! weak decays induced by
the external W emission interactions, branching ratios us-
ing the NF approach are generally of the same order of
magnitude as previous estimations with the QCD-in-
spired QCDF and pQCD approach [19-21]. The consist-
ency of the results between different approaches indic-
ates that our results in this paper might be reasonable. In
addition, the branching ratios for the B; — B! n, B K,
n:(28)p, n.(28)K* decays are estimated for the first time.
It is found that the B{ — Bin decay has a relatively large
branching ratio among the two-meson B weak decays. In
addition, both the initial B} meson and one of the final
mesons of the processes in question contain one and/or
two of the heavy quarks. Due to the fact that the light
quarks and gluon clouds are almost blind to the spin of
the heavy quark with the approximation of the heavy
quark limit, the heavy quark spin symmetry should be ex-
pected to relate the initial and final mesons [52]. In the
extreme non-relativistic limit, it is expected to have [52]

dBr(1-—17¢v)

Br(1=—1" dg? -
po B olim T 3. (32)
Br(l1-—07m) Br(1-—0"¢v)
dg? P

The mass difference in the phase factors furnishes the

above relations in Eq. (32). Here, some relative branch-
ing ratios are

3 Br(B;—Bn) _35 (33)
" SBSBr T
_BrBoBm )
2T Br(B:—Byn)

_ BrBoBK) 55)
" BB SBK) T

Br(B:—BK)
" EGonK) .

Br(Bi—y(18)7)
= = 3.3, 37

" T B Bi—n.(18)1) 37

Br(B:—y(15)K)

- =34
S B Bon (K)o (38)

Br(BI—y(28)7)

= = 38 39
T Br B —1.25)n) : (39)
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Table 3.

Branching ratios and event numbers of nonleptonic B! weak decays, assuming that about 108, 10° and 3x10'° B} mesons

will be available in the future CEPC, FCC-ee and LHCb@HL-LHC experiments, respectively; 4 ~ 0.2 is the phenomenological
Wolfenstein parameter.

branching ratio

event numbers

decay mode CKM factor
unit here previous CEPC FCC-ee LHCb
Byr* ViVua ~ O(1) 1077 4.4 4.0 [20] 7.3 [20] 9.8 [20] 44 442 13256
Bsp* VEVia ~ O(1) 1076 1.9 0.6 [20] 1.2 [20] 1.7 [20] 193 1930 57887
Bin* VEVia ~ O(1) 1076 1.4 143 1428 42848
B,K* VEVis ~ O() 1078 22 2.0 [20] 3.6 [20] 4.9 [20] 2 22 658
B,K** V2 Vs ~ OA) 10-8 72 2.2 [20] 4.1 [20] 6.0 [20] 7 72 2169
BiK* VEVis ~ O() 108 8.4 8 84 2533
Byrt V' Via ~ OD) 108 2.1 2.1 [20] 4.5 [20] 6.5 [20] 2 21 640
Byp* VE Vi ~ O) 1078 9.7 3.5 [20] 7.5 [20] 11.5 [20] 10 97 2924
Bm* VE Vaa ~ O() 108 6.3 6 63 1884
BuK* V2 Vis ~ O 1070 1.1 1.2 [20] 2.4 [20] 3.5 [20] 0 1 34
ByK** V* Vs ~ O(%) 107 44 1.5 [20] 3.1 [20] 4.8 [20] 0 4 133
BiK* V: Vas ~ O(%) 107 3.9 0 4 117
ne(18)n* VZ Vua ~ O(A?) 1078 1.5 2.2 [19] 2 15 455
ne(18)p* Vi Vid ~ O(22) 10-8 43 3.0 [21] 2.5 [21] 4 43 1300
(18)m V' Via ~ O(2) 1078 5.1 9.2 [19] 2.4 [22] 5 51 1519
728 Vi, Vid ~ O(22) 1079 4.1 2.4 [19] 0 4 123
1:28)p* Vi Vg ~ O(4%) 1078 12 1 12 351
Yy(28)mt Vi, Vid ~ O(22) 108 1.6 3.2 [19] 2 16 471
ne(1S)K* V Vi ~ O() 1070 1.1 1.7 [19] 0 1 33
ne(18)K* Vi, Vs ~ O() 1079 2.3 1.7 [21] 1.4 [21] 0 2 68
Y(1S)K Vi Vus ~ o3 1079 3.8 7.3 [19] 0 4 113
n:2S)K* Vi, Vs ~ O() 10710 2.9 3.4 [19] 0 0 9
nc:(28)K** Vi Vis ~ O(2%) 10710 6.1 0 1 18
W(2S)K* Vi Vig ~ O() 107 12 2.4 [19] 0 1 35
_ BrB.oy(2S)K) _ 3.9. (40) whose amplitudes are proportional to Wolfenstein para-

87 BB —-n.2HK)

For the charm quark decay, the ratio r; of the Cabibbo-
favored B — Bim, Bym decays is generally consistent
with both the expectation Eq. (32) from the heavy quark
spin symmetry and the ratio of semileptonic J/y weak
decays Br(J/y—Die*v,)/Br(J/y—Dse*v,) ~ 3.1 ob-
tained with the QCD sum rules [49].

(2) For the B decays induced either by the bottom
quark decay [type (1)] or by the charm quark decay [type
(2)], there are some clear hierarchical relationships
among branching ratios according to the CKM factors of
decay amplitudes. The Cabibbo-favored B — Bir and
Bsp decays have relatively maximum branching ratios
which can reach up to O(10-%). The CKM-suppressed B
- 1.(18,28)K, w(1S8,28)K, and n.(15,25)K* decays,

meter A%, have relatively minimal branching ratios. In ad-
dition, there are three partial wave amplitudes for final
states containing one pseudoscalar plus vector mesons,
while there is only the p-wave amplitude for two final
pseudoscalar mesons. Hence, there are some relation-
ships, Br(B:—B;n) > Br(B;—Bsr) and Br(B;—B,p) >
Br(B:—B,m), and these hierarchical relationships are also
true for other similar cases where final states have the
same valence quark compositions but different orbit-spin
couplings between quarks.

(3) A more careful theoretical investigation of these
decays in question is necessary and helpful to explore the
hadronic B} weak decays experimentally. It should be
pointed out that many influences can affect the final nu-
merical results on nonleptonic B weak decays, such as
the nonfactorizable contributions. It is clear from
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Eq. (9)—(13) that |V,,| has the largest uncertainty, about
3%, among the CKM elements involved. Except for the
decay constant of fx-, the uncertainties from other decay
constants in Table 1 is less than 1%. For the nonleptonic
decays induced by the external W boson emission interac-
tions, the nonfactorizable contributions to the coefficient
a, is about 15% for charm quark decays [47], i.e., the B
- B;*z transitions, and about 5% for bottom quark de-
cays [35, 36], i.e., the B — ¢ and 7, transitions. Large
theoretical uncertainties come mainly from the hadronic
transition form factors, and some of them can reach about
40% [48]. In addition, the undetermined decay width of
the B} meson (for example, I'(B;—yB.) = 20-135 eV,
see Table 2 of Ref. [21]) will bring very large theoretical
uncertainties to branching ratios. An accurate theoretical
prediction seems to be temporarily unavailable. All num-
bers in Table 3 are rough estimates and only indicative of
the expected order of magnitude. Here, what matters to us
is whether it is possible to study the unacquainted B
mesons in future experiments. Hence, a rough estimate is
sufficient.

(4) As it is well known that the vector p and K*
mesons are resonances, they will decay immediately via
the strong interaction, with branching ratios Br(p—nr) ~
100% and Br(K*—Kr) ~ 100% [2]. The vector p (K*)
meson is reconstructed experimentally by the final
pseudoscalar mesons. An educated guess is that the
branching ratios for the three-body decay modes, B —
B nrnt, BsynK, nenn, nenK, should be of a similar order
of magnitude to those for the B} — B;qp, BsaK*, 1:p,
n.K*, decays, respectively. If the contributions from oth-
er possible resonances reconstructed from the nr, 7K,
B r, Bs 4K, nem and 1K states are taken into considera-
tion, the above hadronic three-body B decays are likely
to have even larger branching ratios. All in all, it is not
utopian to expect that the Cabibbo-favored B} — Byn,
Bim, Bsp decays, the singly-Cabibbo-suppressed B —
BsK, ByK, BsK*, Byr, Bjx, Bgp decays, and even the
CKM-suppressed B: — n.(15)xr, 7.(15,28)p, w(1S5,28)n
decays might be observable in the future CEPC, FCC-ee
and LHCb@HL-LHC experiments.

IV. SUMMARY

It has been established that the charged ground vector
B meson carrying explicit flavor numbers should exist
according to the quark model, but to date this has been
merely on the theoretical calculation level rather than the
experimental measurement level. The identification of the
B! meson in experiments is necessary and of important
significance to the quark model and SM. The signal re-
construction of the B} meson from the electromagnetic
decay B; — B.y is severely hindered by electromagnetic
background pollution. Inspired by the prospects of huge

numbers of B! mesons in future high-energy and high-lu-
minosity colliders, an attractive and competitive choice
might be searching for the B! meson from its nonlepton-
ic weak decays, where the charged final hadrons are com-
paratively easily and effectively identified in experi-
ments. In this paper, we study two kinds of nonleptonic
B; meson weak decays resulting from external /' boson
emission interactions by using the factorization approx-
imation and form factors from the light front quark mod-
el, one originating from bottom quark decays and the oth-
er from charm quark decays. It is found that the branch-
ing ratios for the Cabibbo-favored B} — Bin, By,p de-
cays can reach up to O(107%), and have the first priority to
be studied in experiments. For the singly-Cabibbo-sup-
pressed B; — ByK, BiK, B,K*, Ban, Bjn, Bsp decays
and the CKM-suppressed B — 7.(1S5,25)r, n.(1S,25)p,
W(18,28)r decays, several hundred or even thousands of
events might be observable in CEPC, FCC-ee and LH-
Cb@HL-LHC experiments. This study provides a ready
and helpful reference for experimental discovery and in-
vestigation of B} mesons in the future.

APPENDIX A: AMPLITUDES FOR NONLEPTON-
IC B} WEAK DECAYS

With the conventions of Ref. [46], the amplitudes for
nonleptonic B: weak decays can be written as follows.

Based on the conservation of angular momentum,
there are only p-wave amplitudes contributing to B
meson decay into two pseudoscalar mesons.

AB—BI) = Vi Via fr ME (eg.-p5).  (Al)

AB*—BIKY) = Vi Vs fx M (e5.-pB,), (A2)

ABF =Bt = Vi Via fu M,If (es.'ps,); (A3)

ABL —BIKY) = Vi Vs fx ME (e5ops,), (A4)

ﬂ(Bj+—>7](¢7l'+) = V:b Vud fn MZ‘ (EBf P, )’ (AS)

ABT 1K) =V, Vs fx M}y (€s.-py.)s (A6)
with the common factor of p-wave partial amplitudes,

ME = \2Gpaymg Ay 7, (A7)
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= V2Graimg Ay %, (A8)
= V2Graymp Ag ™, (A9)
where coefficient a; = C; + C/N, is generally influ-

enced by nonfactorizable contributions and can be re-
garded as a phenomenological parameter, especially for
charm quark decays. The value of a; ~ 1.2 is used in our
calculation.

There are three partial wave amplitudes contributing
to B meson decay into one pseudoscalar meson plus one
vector meson. The general decay amplitude is written as

A(B;—VP) =M;(ep--€y)

+

(eg-pv) (ey-pB:)
mvﬂ; ny

M,

mp- my

+

Emap € & P Pys  (AL0)

where M 4 correspond to the s-, p-, and d-wave partial
amplitudes.
For Bt — B'z*, B*°K* decays, one has

pr_ . GF BB

M ——1@V:SVudf,,a1(mB mB)V (A11)
7 GF "B
MB‘ =— V Vdf ajmp-mp: (V
d \/E ”
AN ) (A12)
MO = e Vi Via fraymp. mg AL (A13)
V2
BK B .
M = M (Via— Vs, fr—fk),  for i=s,p.d. (Ald)
For B;* — B:’n*, B;’K* decays, one has
MET = GF _ . BB
s ===V, Vi fra (mB mB)V (A15)
V2
" . G B'—B;,
/\/(B‘/’r VL Vudf aympg.mp; (V
d \/5 d ”
AN Y (A16)

GF B —B;

M,‘?i”=—2$v:dvudfnalm35m3;,Al‘ . (A7)

MK = MET(Vig= Vs, fr— i), for i=s.p.d. (A18)
For Bi* — yn*

, WK* decays, one has

M =i ZE Ve Vg fran (3, -2 VIV, (A19)

\/— ch "u
Ml/m =—i 7 Vcb Vudfn a) mB; I’I1¢ (Vf:_w
—VET Ve, (A20)
Z3 Gr * Bi—y
Mp :—2$ VCqudf,,almB;mlpAl N (A2l)
MK = M Vig— Vs, fr—fx), for i=s,p,d.  (A22)
For Bt — B%*, B'K** decays, one has
Mbe = i GF VYV, ATTE (A3
sl = \5 ud Jpmpar (mp. +mp) . (A23)
Gk 2mp-m .
Bp _ . . p  B:—>B,
Md =-1 @ V Vudf,;) mp ap m A2 N (A24)
G 2me m "
B,p 13 :"'p \B'>B
=— Ly, ZBTR yBSB (A2S
M, \/5 ud Jp Mp a1 mp. +mp, ( )
MBE — pMBP(y, =
i =/ ( ud— Vs, ﬁoﬁfK‘, mpﬁmk*), for i= S,p,d.
(A26)
For B;* — Blp*, BYK** decays, one has
MEP = 7 VE Vaa fompar (mp. +mp ) AT 7% (A27)
MEP = ZE ey, 2ME My A BB (g8
4 ——17 cd udﬁ)mpmm 2 s ( )
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Gg _,
— Vcd Vudfpmp a

V2

2mp m .
ME® = _ EP yBoBL (A29)

mp: +mp,

Mf"K‘ =M?"p(Vud—>Vus, fo—= fre, mp—mg-), fori=s,p,d.

Re
(1]
(2]

.Gf _, 2mp.m, p_.
MIP = i ZE vy y —— T AT (A32
d 1 \/E cb udfpmpal mg. +m, 2 ( )
Gr 2mp m, s

MM =— — V3V, —— VB (A33

p \/E b udfpmp al mp. +my, ( )
MK = MIP(V, -V, for i=s,p.d
i i (Vua= Vuss fp_>fl(‘, mp_>ml(*)a or i=s,p,d.

(A34)

(A30)
For B* — n.p*, n.K** decays, one has
no _ s GF * B -1,
Mt =1 —=V", Vg fompa (mB;+m,7()A1 , (A3
V2
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