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In the wake of measurements on B} — J/wK*, Bf — J/wyn*z~z",and Bf — J/wK*K-z*t at Large
Hadron Collider experiments, we propose to study the decays B — J/wM™ comprehensively, with M
being the light charged pseudoscalar (P), vector (V), scalar (S), axial-vector (A), and tensor (7°) mesons,
within the improved perturbative QCD (iPQCD) formalism at leading order in the Standard Model.
The theoretical predictions for experimental observables such as branching fractions, relative ratios, and
longitudinal polarization fractions in the iPQCD formalism await near future examinations relying on the
upgraded Large Hadron Collider, even the forthcoming Circular Electron-Positron Collider. We emphasize
that the investigations on the factorizable-emission-suppressed or -forbidden decays like Bf — J/yS™,
Bf - J/ y/AIﬁPl, and BY — J/wT™, should go definitely beyond naive factorization to explore the rich
dynamics, which could, in turn, further help understand the QCD nature of B, meson, as well as that of
related hadrons. The future confirmations on those predictions about the relative ratios between the
branching fractions of Bf — J/wb(1235)" (a((980)", ay(1450)*", a,(1320)") and Bf — J/wz" could
further examine the reliability of this iPQCD formalism. Because of containing only tree-level b — &

transitions, the CP asymmetries in the Bf — J/wM™ decays exhibit naturally zero.

DOI: 10.1103/PhysRevD.108.096006

I. INTRODUCTION

In 1998, the first discovery of B, meson at Tevatron [1,2]
proclaimed the beginning of its experimental studies. After
that, its properties, e.g., lifetime and mass, were measured
combined through semileptonic decay B — J/wt*v,
[3,4] and nonleptonic decay Bf — J/yn™, the so-called
“golden channel” in B.-meson decays [5,6]. Ever since the
running of Large Hadron Collider (LHC) in 2009, the
attention has always been be payed from the community of
heavy flavor physics on the measurements of B.-meson
decays. The underlying reason is that a B. meson is the
ground state of a unique meson family containing two
different kinds of heavy flavor, namely, b and c, in the
Standard Model [7,8] and it is the only meson whose
decays of both constituents compete with each other.
The B.-meson decays contain rich dynamics in the per-
turbative regimes, besides the nonperturbative nature. What
is more, its decays might shed light on possible new physics
beyond the Standard Model (for example, see very recent
literature [9—12] and references therein).
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The LHC experiments have measured several nonlep-
tonic decay channels of B, meson [13,14], however,
unfortunately, the exact values of individual branching
fractions () for those observed decays are not available
yet because of experimentally complicated background
with proton-proton collisions at LHC. Among them, the
B,.-meson decays into J/y plus a light meson such as
Bl — J/wa;(1260)* (In the following context, we will
describe it as a; for convenience, unless otherwise stated.)
and Bl — J/wK™' were observed through the relative
ratios of branching fractions between the related B[
decays. Explicitly,

(i) In 2012, the decay B} — J/wr*n~ '+ was reported
for the first time by the Large Hadron Collider-
beauty (LHCb) Collaboration [15]. The ratio be-
tween the branching fractions of B — J/ya "z~ n*
and B — J/wn" was measured to be

gl BB Iy aT) 4y 45 (1)
e BB yrt) T T

where “the background-subtracted distribution of
the M(z*z~7") mass for the Bl — J/yntzn x*t
data exhibits an a; peak” [15]. In 2015, the CMS
Collaboration at LHC confirmed this ratio with
newly measured value as [16]
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xp _ B(BE—J/yntnnt)
/7= B(Bf = J/yxt)

=2554+087. (2)

In the above two ratios, the statistic and systematic
errors have been added in quadrature. By combining
these two measurements, the Heavy Flavor Averag-
ing Group gave the averaged ratio as 2.45 +0.40
[14]. Theoretically, the decay Bf — J/wntn z™"
has been investigated via definition Rj,/, in
Refs. [17-21] with different values, however, which
are basically consistent with the current data, except
for a smaller value 1.5 estimated in [18].
Moreover, in 2013, the decay B —J/wK+t K~ n"
was also detected for the first time by the LHCb
Collaboration [22], and the ratio between B(Bf —
J/wK*K xt) and B(B — J/wn") was measured

to be
B(Bf - J/wK"K~z")
Exp _ c
= =0.53+0.11
2K/ BB = Jjyr) 0.53 +£0.11,
(3)

where various errors have been added in quadrature
too. This measurement agrees well with the available
theoretical predictions 0.49 and 0.47 [23] corre-
sponding to the resonance approximation with con-
tribution of a;.

Very recently, the LHCb Collaboration studied the
B_.-meson decaying to charmonia plus multihadron
final states and reported the ratio between the
branching fractions of B — J/wK"K z" and
Bl - J/yntn ", largely proceeding via aj —
K"K - KK 7" and af - p'n" > ntnn",
respectively, as follows [24],

b _ BB > J/yK K ")
K232 = B(Bf — J/ynta nt)

R =0.185+0.014,

4)

with the statistic and systematic uncertainties being
added in quadrature. This ratio deviates slightly from
0.22 £ 0.06 deduced by the previous LHCb mea-
surements as presented in Egs. (1) and (3).

(ii) In 2013, the decay By — J/wK™ was observed for
the first time by the LHCb Collaboration [25]. The
ratio between the branching fractions of Bl —
J/wK" and B — J/yn™ was measured to be

B(Bf = J/wK*)
REXP = T7¢ =0.069 +0.020, (5
ks = BB = Jjyr) )

and, subsequently, this ratio was updated in 2016
with a good precision as [26],

B(Bf — J/wK*)
REXP = Z17¢ =0.079 +0.008. (6
ks = BB = Jjy) ©

The ratio R?j}; supersedes the previous Ri’;‘; how-
ever still agrees well with each other. Notice that the
errors from different sources in the above two ratios
have been added in quadrature. Interestingly, the
theoretical predictions for this ratio locate at a broad
region of [0.052, 0.088] (See them in Table I), which
implies different understanding on the dynamics in
different formalisms for these two B,.-meson decays.
That is to say, the adequate and complementary
studies are still demanded to further clarify the
involved dynamics, in particular, based on certain
frameworks of QCD-inspired factorization.
Certainly, along with the successful upgrade of LHC,
around 10'° B_-meson events could be accessed per year.
Thus more varieties of B.-meson decays would be mea-
sured by the upcoming experiments at the ongoing LHC,
even the forthcoming Circular Electron-Positron Collider
(CEPC).

Motivated by the above-mentioned observations and
near future rich measurements on the B.-meson decays,
we propose to study the decays B — J/wM™, in which,
M denotes the pseudoscalar (P), vector (V), axial-vector
(A), scalar (S), and tensor (7)) mesons composed of light
quarks, in a comprehensive manner within the improved
perturbative QCD (iPQCD) formalism at leading order
[41,42]. Tt is worth emphasizing that the resummation
formula adopted in the conventional PQCD approach to
B_.-meson decays [38,43,44] is not appropriate. The con-
ventional PQCD formalism has recently been improved
by taking into account the finite charm quark mass effects

TABLEL Relative ratios from the branching fractions for the decays B — J/wP", Bf — J/wV*, and Bf — J/wa{ in the literature
at both aspects of theory and experiment.

Ratios [27] [28] [29] [30] [31] [32] [33] [34] [36] [21] [37] [38] [39] [40] Data
Ry, 0.077 0.076 0.052 0.074 0.049 0.082 0.076 0.079 0.088 0.075 0.079 0.082 (),076:()):8]155 0,0751’8:885 0,079f8"88§
Ry, 0.054 0.054 0.054 0.057 0.038 0.063 0.057 0.058 0.050 0.053 0.057  0.059 0.056

R,, 301 322 285 285 1931 262 288 3.16 529 277 -+ 3.3l 3.52 5.65

Rk, 0.16 0.17 0.15 0.16 073 0.16 0.16 0.18 0.26 0.15 0.16 0.19 0.21 0.32

Ra/x 4.0 55 .
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through k; resummation at the next-to-leading-logarithm
accuracy [42]. The resultant Sudakov factor s.(Q,b)
makes the framework for the B,.-meson and B-meson
decays into charmonia plus light mesons really complete
at leading order. So far, partial decay modes of B} —
J/wM™ such as Bf — J/wP*t and B} — J/wV™, even
B — J/wa, have been investigated in many different
models or methods based on factorization assumptions and
the relative ratios of their branching fractions between the
different B} decays are collected in Table 1. But, it is
indicated that different branching fractions with large
discrepancy for these Bl — J/wP*, Bf — J/wV*, and
B — J/wa{ channels appear, though the ratios among
these branching fractions are comparable to each other,
even to data. As discussed in [45], the B} — J/yP*
decays, as well as the Bf — J/wV* ones, are predomi-
nated by the factorizable emission amplitudes, in associ-
ation with the negligible nonfactorizable emission ones. It
means that the theoretical predictions for Ry, in various
kinds of models and methods should be consistent with
each other, as naively anticipated in factorization ansatz.
That is to say, if the Bf — J/wV™" decays are basically
governed by the longitudinal polarization contributions,
then Ry, is expected to be close to Rg/,. Certainly, they
cannot tell us more dynamics in the related decays, even
if R and R agree well with those at experiments.
The fact is that the decay amplitude in the decays like
Bf = J/yP", Bf — J/wV™, even Bf — J/ya can be
approximately written into the product of decay constant
and transition form factor as described in naive factoriza-
tion, then the above-mentioned ratios can be further written
as the ratio of squared decay constants multiply by the ratio
of squared Cabibbo-Kaboyashi-Maskawa (CKM) matrix
elements. Then, for example, the relation of the branching
factions between the B — J/wK™ and Bl — J/yx™
decays could be naively derived as,

o, _BBE=IyKD) [Vl fi
Kix = BB = Jjwr") [Vl 12

~0.081, (7)

with |V ;| = 0.2265, |V 4| = 0.9740, fx = 0.16 GeV, and
fr=0.131 GeV [13]. This naive expectation agrees per-
fectly with the latest measurements as shown in Eq. (6)
indeed. Notice that, however, for the decays with sup-
pressed or vanished factorizable-emission amplitudes
while with enhanced nonfactorizable emission ones, e.g.,
B - J/wS™, Bf - J/wT™, etc., one should go beyond
naive factorization to explore the rich but complicated
dynamics within the factorization framework based on
QCD. We can then understand deeply the perturbative
and nonperturbative QCD dynamics involved in these
B_.-meson decays.

The B, meson is treated as a heavy-light system [41]
and the related decays are analyzed in its rest frame with

momentum Py = mp_/ V2 (1,1, 07) in the light-cone coor-
dinates. Then, for B — J/wM™ decays, M and J/y
mesons are assumed to move correspondingly in the plus
and minus z-directions carrying the momenta P, and Pj as,

mg,

V2

mp,
Py = '(r%’l_”%,OT%

V2
(8)

associated with polarization vectors e, and e; in the
longitudinal (L) and transverse (7') polarizations, if M is
V or A, as,

P, = (1=r3,73,07),

e(L) = 201 - r%)rz (1- r%,—r%,OT),

e(T) = (0,0,17), 9)
e3(L) = ﬁ(—@v 1-13,07),
e3(T) = (0,0,17), (10)

where the ratios r, = my/mp_and ry = my,, /mp , and
those two polarization vectors (The capital L and T in the
parentheses describe the longitudinal and transverse polar-
izations, respectively. Not to be confused with the abbre-
viation T for tensors.) satisfy P-e =0 and €2 = —1."
Notice that, due to conservation of the angular momentum,
only the longitudinal polarization vector e3; of J/y is
required in the decays By — J/wP* and B — J/yS™.
We stress that, due to small contributions around 5% to the
B — J/wM™ branching fractions, the terms proportional
to r3 and r§ will be safely neglected in the numerators
of factorization formulas. The momenta of the spectator
quarks in the involved hadrons are parametrized as

ky = (x, P}, x PT.Ky7),
ky = (x2P5, x2P5. Korp),
ky = (x3P5 . x3P5 ., Ksr), (11)

where x; (i = 1, 2, 3) is the momentum fraction of valence
quark in the involved mesons.

The B — J/wM™ decay amplitude in the iPQCD
formalism can therefore be conceptually written as follows,

'As described in Ref. [46], since only three helicities
¢ = 0, %1 contribute to the B — J/wT" modes, the involved
light tensor meson can then be treated as a vectorlike meson with
tensor meson mass. In other words, the polarization tensor of
tensor meson can be constructed through the spin-1 polariza-
tion vector of vector meson [47]. A new polarization vector e

for tensor meson can then be read as er(L) = \/3¢(L) and

er(T) = \@e(T) [48].
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A(Bj— - J/WM+) ~ / dxldX2dX3b1db1b2db2b3db3

- Tr[C(1)®p,(x1. by )Py (x2, by)
X @, (x3,b3)H(x;, by, 1)e=S0],
(12)

where b; is the conjugate space coordinate of transverse
momentum k;7; ¢ is the largest running energy scale in hard
kernel H(x;, b;,t); Tr denotes the trace over Dirac and
SUQ3) color indices; C(z) stands for the Wilson coefficients
including the large logarithms In(my, /1) [49]; and @ is the
wave function describing the hadronization of quarks and
antiquarks to the meson. The Sudakov factor ¢=5() arises
from k7 resummation, which provides a strong suppression
on the long distance contributions in the small k7 (or large
b) region [50] The detailed discussions for =5 can be
easily found in the original Refs. [41,42,50]. Thus, with
Eq. (12), we can give the convoluted amplitudes of the
decays B — J/wM™ explicitly through the evaluations of
the hard kernel H(x;, b;,) at leading order in the a;
expansion with the iPQCD formalism.

The wave function for B. meson with a heavy-light
structure can generally be defined as [41,49,51]

D, (x, kr) = \/W{ P+ mp )yshp, (x. kT)}a/}v (13)

where a, f are the color indices; P is the momentum of B,
meson; N, = 3 is the color factor; and x and k; are the
momentum fraction and intrinsic transverse momentum of
charm quark in the B, meson; ¢ (x, k7) is the B.-meson
leading-twist distribution amplitude.

For the vector J/y meson, its wave function has been
studied within the nonrelativistic QCD approach [52]. The
longitudinal and transverse wave functions have been
derived as,

Bl ()= = (o by () 4P (9 (19

©0)y (5) = = (s b (5) 40P () e (19

Here, x describes the distribution of charm quark momen-
tum in J/w meson, ¢; and ey are the two polarization
vectors of J/y, and ¢}, (x) and ¢}, (x) are the twist-2
distribution amplitudes, while ¢}, (x) and ¢}, (x) are the
twist-3 ones.

The light-cone wave functions including distribution
amplitudes for light pseudoscalars, scalars, vectors,
axial-vectors, and tensors have been given in the QCD
sum rules up to twist-3. They are collected as follows:

®

(i)

(iii)
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For P and S mesons [53-57],

@r(2) = e rs{ PR + mE
i = DR | (16)
and
@5(0x) = = { Pas(x) + )
+ms(hf = DgE)} (17)

with mg(m{) denoting (chiral) mass of light (pseu-

doscalars) scalars, n = (1,0,07) and v = (0, 1,07)

being the light-like dimensionless vectors on the

light-cone. And ¢(x) and ¢(x) are the leading-

twist distribution amplitudes, while ¢57(x) and
7 (x) are the twist-3 ones.

For V and A mesons with polarizations [58—61],

O (x) = = sk () + PO
+mydy()} (18)
D) = = {mud i ) + PO
Fmyic s i) | (19)
and

Dy(x) =rsPy(x).  Ph(x) =ys®y(x).  (20)
where m, P, and ¢ are the mass, the momentum and
the polarization vector for (axial-)vector mesons,
¢(x) and ¢7(x) are the leading-twist distribution
amplitudes, and ¢"*(x) and ¢"“(x) are the twist-3
ones, and x is the momentum fraction of quark
carrying in the (axial-)vector mesons.

For T mesons with polarizations [62,63],

1
\/2N

+ mT¢ST(x)}

®7(x) =

{mrdhr(x) + Py ()

r 1)

1
VF(x) = = A mrd ) + AP
mpicu st ) L (22)
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with the tensor meson mass my, the twist-2 distri-
bution amplitudes ¢7(x) and @L(x), the twist-3
distribution amplitudes ¢%°(x) and ¢r*(x), the
momentum P and polarization vector er satisfying
P - ¢ = 0, and the momentum fraction x carried by
quark in the tensor meson.
In the above wave functions with polarizations, we adopt
the convention €°'>3 = 1 for the Levi-Civita tensor e***,
Notice that the explicit expressions for all the above-
mentioned distribution amplitudes with their masses,
decay constants and Gegenbauer moments can be found
later in Appendix A.
For the B} — J/wM™ decays induced by the b — ¢
transition at the quark level, the related weak effective
Hamiltonian H.g can be written as [64]

Hyp = % (V2 Vud[CL ()01 (1) + Co(0)05(w)]} + Hec..
(23)

with the Fermi constant Gz = 1.16639 x 1075 GeV~2, the
CKM matrix elements V, and the Wilson coefficients C;(u)
at the renormalization scale u. The local four-quark tree
operators O; and O, are written as

0, = Zlayﬂ(l - yS)uﬂEﬂyu(l - yS)bav

05 = Qar,(1 = v5)ualpy,(1 = 15)bg, (24)
where ¢ denotes the light down quark d(s) for the
AS = 0(1), namely, CKM-favored (suppressed) processes
with S being the strange number (Not to be confused with
the abbreviation S for scalars).

The related Feynman diagrams for the decays Bf —
J/wM™" in the iPQCD formalism at leading order are
illustrated in Fig. 1. As presented [see Egs. (31)—(46) for
details] in Ref. [41], we have given the factorization
formulas and analytic Bf — J/wz" decay amplitudes with
all elements. The similar calculations could be repeated
for the rest B — J/wM™ decay modes in this work.
Hereafter, for the sake of simplicity, we will use F, and M,
to describe the factorizable emission and the nonfactoriz-
able emission amplitudes induced by the (V —A)(V — A)
operators in these types of Bf — J/wM™ decays.
Furthermore, in light of the successful clarification of most
branching ratios and polarization fractions in the B — VV

M+

%

i

M+
B| ‘ ’J/w B¢
(@)

FIG. 1.

(b)

decays by keeping the terms proportional to r3 = m3 /m3
in the denominator of propagators for virtual quarks and
gluons with the PQCD approach [65], we will follow this
treatment in the present work. That is, we will retain the
terms like 73 and 3 in dealing with the denominators of
factorization formulas for the decays B} — J/wM™, which
could be examined by future measurements to further
clarify its universality. The related factorization formulas
can be found in Appendix B.

The B — J/wM™ decay amplitude can thus be decom-
posed into

AO(BE =1 /yM ) = ViV (FO - fu+ M), (25)

with ¢ = L for the modes Bf — J/wyP™ and J/yS™
involving contributions from only longitudinal polarization
while 6 = L, N, T for the channels B — J/yV*, J/yAT,
and J/wT™" containing contributions from longitudinal,
normal, and transverse polarizations, which result in the
formulas for calculating branching fractions of the decays
BY = J/yM™ as follows,

(i) For the decays B — J/wM™ with M = P and S,

B(BS = J/yM")
=15 -[(Bf = J/yM™)

G%mzp X + +112
g, e O(ra.r3) - JABE — Iy M)

(26)

where 75 is the lifetime of B, meson and ®(r,, r3)
is the phase space factor of Bl — J/wM™ decays
with @(x,y) = {[1 = (x+y)?] - [1 = (x—y)?]}/? [66].

(ii) For the decays B — J/wM™ with M =V, A,
and T,

B(Bf —» J/yM™)
=15, -T'(Bf = J/yM™)

GE|P| ot(p+ .
75, 5 Z A’ (Bf = J/yM™)
16zmp 4= 7

x A°(Bf — JJyM™), (27)

+ Mt

BCO_( Jiy Bg :m.mp

(c) (d)

Leading order Feynman diagrams for the decays B} — J/yM™ in the iPQCD formalism.
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where |P.| = |P,,| = |P3,| is the momentum of
either the outgoing M meson or J/y meson and
A’(B} — J/wM™) denotes the decay amplitudes
with helicities for the decays B} — J/w V™', J/wA™",
and J/wT™, respectively.

Now we turn to carry out the numerical calculations and
make phenomenological analyses. In numerical calcula-
tions, central values of the input parameters will be used
implicitly unless otherwise stated. The relevant QCD scale
(GeV), masses (GeV), and B,.-meson lifetime (ps) are the
following [13,49]

AY=Y 20.250, my, =80.41, mp =6.275, my;, =3.097,

MS
75, =0.507, m,=438, m.=15. (28)
For the CKM matrix elements, the Wolfenstein para-

metrization up to O(4*) is adopted [67],

—34 A AP (p—in)
Vekm = -2 —322 AR +0(2Y),
AP (1—p—in) —AX 1

(29)
with the updated parameters A =0.790 and 1=0.2265 [13].

A.B} - J/w(P*V*)

As inferred from the literature, the decays B — J/yP™
and J/wV*' have been studied extensively in many
different approaches and methods, though with different
individual branching fractions, for example, see
Refs. [21,27-40]. The CP-averaged branching fractions
of the Bf — J/ywP" decays in the iPQCD formalism are

B(B: — J/yx*)

= L1755 (B ) 2008 (fa) Too0 (@) x 1073, (30)
B(Bf = J/yK™)
= 8.687232(Bp )X 0S (fa) 1% (ag) x 1075, (31)

where the dominant error arises from the shape parameter
P, in B.-meson distribution amplitude. In the B —
J/wK* mode, the uncertainties from the combined decay
constants of B, and J/w and from the SU(3)-flavor
symmetry breaking factor af can compete with each other.
These two branching ratios are around (O(1073) and
O(107*), respectively, within uncertainties. Although the
individual B} — J/wzn" branching fraction is not defi-
nitely available yet, our iPQCD prediction for its value
agrees generally with most of the predictions from various
models and methods already presented in the literature,
in particular, with that given in QCD factorization

approach [68], and presented very recently in covariant
confined quark model [39] and light-cone sum rules
approach [40]. Furthermore, our predictions about the
BY — J/wPT branching fractions agree well with those
presented in Refs. [39,40].

The ratio between the CP-averaged branching fractions
of Bf - J/wK" and Bf — J/wz™ in the iPQCD formal-
ism is therefore given theoretically as,

Theo _ B(BE = J/yK™)

— _ +0.006
RK/;T = B(Bj» N J/l//ﬂ'+) - 0'074—0.005’

(32)

which agrees well with the very recent predictions in
Refs. [39,40] and the latest measurement as shown in
Eq. (6) within errors. This natural agreement is trivial
because these two BY — J/wP™ modes are absolutely
dominated by the factorizable emission diagrams while
with dramatically small nonfactorizable emission contri-
butions due to the considerable cancelation under the
isospin limit. It is clear to see that Ry predicted in
iPQCD formalism is consistent with the naive expectation
Rk, as described in Eq. (7), besides in good consistency
with the measured one. The slight deviation between Ry
and R/, arises from the SU(3)-flavor symmetry breaking
effects in the leading-twist distribution amplitude of kaon,
due to the fact that the contributions induced by the
nonfactorizable emission diagrams are proportional to
¢»(x) as shown in Eq. (33) of Ref. [41]. Therefore, as
a by-product, it could be anticipated that the above naive
expectation is also validated for B.-meson decays into
other charmonia, e.g., 7., y.;(J = 0,1,2), ..., plus a pion
or a kaon. However, it is worth stressing that the
measurements on the ratio while without individual decay
rate cannot help reveal the involved dynamics, even
further constrain the related hadronic parameters, for
example, the shape parameter fz in the B.-meson
leading-twist distribution amplitude ¢ . In other words,
the investigations on the related modes with large non-
factorizable contributions are of great necessity.

Now, we turn to analyze the Bf — J/w V™' decays. The
B — J/wV* branching fractions in the iPQCD formalism
can be read as follows:

B(Bf = J/wp™)

= 3.6977% (Bs.) 205 (Fm) 000 (a,) x 107, (33)
B(BS — JJwK*)
= 223700 (Bs,) 1018 (Fu) 200t (age) x 1074, (34)

where the errors are dominated by the B.-meson shape
parameter 5 and the combination of decay constants of the
B_.-meson and related vectors. These predictions are well
consistent with those in Ref. [39] within theoretical errors.
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Based on the helicity amplitudes, we can define the
transversity ones as follows:

A = fmZBAL, AH = fﬁm%}ANs

A = Emymy,\/2(r7 = 1)AT, (35)

for the longitudinal, parallel, and perpendicular polariza-
tions, respectively, with the normalization factor
&= \/G%|Pc|/(16ﬂm%£1ﬁ) and the ratio r=P,-Ps/

(my - my,,). These amplitudes satisfy the relation,

AP+ AP+ AP =1 (36)

following the summation in Eq. (27). Since the transverse-
helicity contributions can manifest themselves through
polarization observables, we therefore define CP-averaged
longitudinal polarization fractions f; as the following,

_ |AL|?
|ALP + A + JAL]?

fr (=14P).  (37)

Then the CP-averaged longitudinal polarization fractions
of the Bf — J/wV* modes can be presented as follows,

FL(BE — T ypt) = (89.1201) %,
fL(BE = J/wK*t) = (85.6503)%. (38)

It is found that the decays B} — J/wV™ are generally
governed by the longitudinal amplitudes in the iPQCD
formalism but with slightly different fractions.

The ratio between the CP-averaged branching fractions
of Bf = J/wK** and B} — J/wp* is then obtained as
follows,

B(Bf — J/yK*")
Theo — P\De _ +0.002
R = Bar = 1)~ OO (39)

which roughly meets with the value R/, ~ 0.066 antici-
pated by naive factorization with fg- = 0.118 GeV,
f, =0.107 GeV, |V,|=02265 and |V,,| = 0.9740,

and is indeed close to the ratio Ry’ presented in Eq. (32)

within errors. The ratio RE}% is expected to be measured at

the near future LHC experiments.

With the normalization channel, ie., Bf — J/yx™,
therefore the ratios between the branching fractions of
BY - J/wV*' and BF — J/wx" predicted for future
examination are as follows,

Theo — B(BBL - J/l//p+) _ +0.09
RMeo = = 31509
olx = BB = Ijyr") :

B(B{ — J/wK*")
Theo — c _ +0.01
R = BT 5 Ty~ 19001 (40)

B.B} —» J/wA*

The p-wave light axial-vectors have been investigated at
both experimental and theoretical aspects. However, the
understanding about their internal structure is far from
satisfactory [69]. As presented in the particle list by Particle
Data Group, the nonstrange axial-vectors a; and b;(1235)
(In the following context, we will use b, to denote this state
for simplification.) belong to two different types of bound
states in the constituent quark model with quantum
numbers 13P,(JF€ = 1*+) and 1'P, (JP€ = 177), respec-
tively. While for the strange K;(1270) and K;(1400)
mesons (We will conveniently adopt K; and K| to denote
these two states), these two physical states are considered
as the mixtures of K, (1°P;) and Kz(1'P,) with a single
angle 0k, due to the mass difference of the strange and
nonstrange light quarks [70],

<|K1>> <sin6’K1 cos O, ><|K1A)> (41)
Ky ) \cosOg, —sinbx, J\|Kiz)/)
In analogy to the decays B — ¢K(l/) [71], we take both
Ok, ~33° and 58° into account of the calculations to
estimate the branching fractions because of the currently
unknown nature.

Then, for the two AS = 0 channels, Bl — J/wa| and

B} — J/wb7, the predictions for their branching fractions
in the iPQCD formalism can be read as,

B(B{ = J/way)

= 590413 (Bs,) 068 (Fu) 2000 (aq,) X 1073, (42)
B(B: — J/yb})

= 793178 (Bs.) 1050 (Fu) 1350 (ap,) x 1074, (43)

One can easily find that the Bf — J/wb| branching ratio
suffers from large errors induced by the uncertainties
of Gegenbauer moments in the b;-meson distribution
amplitudes. Owing to the nearly vanished decay constant

Ffoe = o, - by, ~0.0005 (Here, f, and ay, are the
“normalization” decay constant and the zeroth

Gegenbauer moment for the meson b}, respectively, and
they could be found explicitly in Table IV of Appendix A.

Note that a‘(‘)b1 = 0 under the isospin limit.), therefore the
factorizable emission contributions are extremely sup-
pressed, which results in the smaller B(B — J/yb|) that
comes almost from the nonfactorizable emission decay
amplitudes. However, the antisymmetric behavior of the
b;-meson leading-twist distribution amplitude changes the
destructive interferences between the two diagrams like
Figs. 1(c) and 1(d) in the Bf — J/wa; channel into the
constructive ones in the Bf — J/wb| mode, which lead to
B(B}f — J/wb{) around O(10~%) within large errors.
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The ratios between the branching fractions B(Bf —
J/wai/b]) and B(Bf — J/wzx") can be defined as
follows,

Theo — BB — J/yay) — 5047010

ay/n B(Bj— N J/l//ﬂ'"‘) —0.15>

o _ BB = J/wb)) 0.26
Rols = Bls = )~ 802 e

which would help probe these two channels experimen-
tally in the near future. The large ratio R,'? needs
experimental tests as soon as possible to provide useful
hints to test the reliability of iPQCD formalism utilized in
this type of decays. If the information from experiments
is positive, then these types of B.-meson decay modes
would offer good opportunities to help explore the shape
parameter fz in the B .-meson distribution amplitude
phenomenologically.

As presented in Egs. (1) and (2), the decay Bf — J/wa,
has been studied experimentally through the B! —
J/wrnTa~x" channel via the invariant mass distributions
corresponded to the favorite resonance state a; at the
LHC experiments. When the relation of the decay rates
Blaj = ntnnt) = B(a] — 27 7°2°) ~50% is adopted
[72], then the branching fraction of B — J/ynTra n*
could be derived under narrow-width approximation as

B(Bf — J/wa* a7t )ipocp
= B(B — J/wa{) -Blaj - ntnx")
= (2.951088) x 1073, (45)

which is consistent surprisingly well with the predictions
using B. — J/y form factors in three different models [17]
and would be tested by the experiments at LHC in the
future. Subsequently, the ratio R;}ﬁ between the branching
fractions of Bf — J/wa"z~ 7" and Bf — J/wxz* could be
obtained straightforwardly as 2.52i8_-?3 in the iPQCD
formalism, which is clearly in perfect consistency with
data reported by the CMS and LHCb Collaborations
and the Heavy Flavor Averaging Group. Theoretically,
the By — J/wrn "z xt decay has been investigated in
Refs. [17-21] with different ratios Rs,/,, however, which
are basically consistent with the current measurements,
except for that with the result 1.5 [18]. The future tests
on thf;? and R3}% in the iPQCD formalism with high
precision at the LHC, even CEPC experiments could help
understand the property of a; meson.

Additionally, with the ratio RZK” /ﬂ in Eq. (3) and the
branching fractions of Bl — J/wa| and Bf — J/yx*t in
the iPQCD formalism, thus the branching ratio of
a; - K"K~ z" could be deduced under narrow-width
approximation as

B(Bf — J/yx*)
~ E
B(af - K"K~ n )1PQCD = Rzl)?jr/fr B(Bf — J/l//a1 )

~ (10.5179) %. (46)

The detection on this | — KK~z branching ratio would
help understand the nature of a; that is usually provided
from the hadron physics side. Meanwhile, with the help

of R;,’;a/h in Eq. (4) and B(BY — J/yata n")pocp in
Eq. (45), we could derive the branching fraction of B —
J/wKTK~z" in the iPQCD formalism as,

B(B! - J/WK+K_”+)1PQCD

= R];I)grﬁn B(Bf — J/wa*n~ 7" )ipocp
= (5467188 x 1074, (47)

which is consistent with the predictions given in different
form factors [23] within a bit large errors. These two values
could be confronted with the future measurements.

In order to help investigate the behavior between the
vector p meson and the axial-vector a; and b ones, we also
define the following two ratios with the Bl — J/yp™
decay rate,

B(Bf — J/wa/

Theo — ) _ +0.10
i = BB = Ifyp) OO
B(B} — J/yb))
Theo — c 1/ +0.09
W = BBE S T jpt) 021507, (48)

These two ratios are expected to be measured in the
near future.

Meantime, the CP-averaged longitudinal polarization
fractions of the B — J/wa] and J/wb{ channels are
predicted in the iPQCD formalism theoretically as,

(74.8109) %,
(98.9100)%. (49)

fL(BE = J/paf) =
fL(BE = T/yb]) =

It is evident that the decay B — J/wb| is governed
absolutely by the longitudinal contributions.

And, for the two AS =1 modes B} — J/l//K(l/)+, the
branching fractions are predicted in the iPQCD formalism
with two different mixing angles as follows,

B(Bf — J/wK?})

{4 07420 (B )03 (fu) 200 (Bk,) x 107 (50)
486 N (B ) 03 (fu) 1037 (B,) x 1074
B(Bf — J/wK'")
B { L4220 (B ) 2032 (fan) 93] (B, ) x 1074 1)
6.221 283 (Bp ) 100 (fu) Lo as (By,) x 1073
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where the first (second) entry corresponds to the value
obtained at Ok = 33° (58°). The similar patterns also
appear in the following observables for related modes.
In the numerical results, the dominant errors arise from the
uncertainties of the shape parameter g and from the
combined Gegenbauer moment Bk, of ag,, and ag , (See
Table V for detail.). For the decay B} — J/wK/, the
iPQCD value for branching fraction at @k ~ 33° can
compete with that at g ~ 58°, while, for the decay
B — J/wK't, the result for B(Bf — J/yK|") at
Ok, ~33° is roughly two times larger than that at
¢9K| ~58° As inferred from Refs. [13,24], the B} —
J/wK'" decay might be explored through the ratio

RE;%/% =B(Bf - J/wK n x")/BBf - J/wrtx n")
in the near future, where the B} — J/wK 'z~ zt mode
proceeds largely via K** — K*7~. As a by-product, the
branching fraction of B} — J/wK*z~z" in the iPQCD
formalism could be derived via the currently measured ratio

RY® J3z = (6.4 £ 1.0) x 107> [24] and the iPQCD branch-

ing fraction B(Bf — J/wrn"n~n") as the following,

B(Bf — J/WK+”_”+)iPQCD

E _
= R2;1p</3n B(Bf = J/wrtx 7f+)iPQCD

= (1.897083) x 104, (52)

which is in good consistency with the predictions [23]
within errors, and is also expected to be detected soon at
experiments.

We also predict the longitudinal polarization fractions for

the decays B — J/wK E/H in the iPQCD formalism under
two referenced angles as follows,

(90.217Y%
Bf = J/wKT) = A
fi( /wKY) {(82.7’_“114'22)%
(52.0173)%

fL(BE = J/wKi") = { T (53)
(62.15112)%

It is clear to observe that, within the theoretical errors, the
longitudinal polarization decay amplitudes dominate the
B — J/wK{ mode, however, both the longitudinal and
the transverse polarization decay amplitudes generally
compete with each other in the Bf — J/wK'" channel.
It means that the significantly constructive (destructive)
interferences occur at the longitudinal polarization in the
former (latter) mode. The future measurements on these
two decays might reveal the information of the mixing
angle Ok, between K| and K"

Meanwhile, for the convenience of future probes to the
decays Bf — J/wK{ and J/wK", the relative ratios of the

branching fractions between B — J/ 1,//K<1'>+ and B —
J/wn" could be derived in the iPQCD formalism as
follows,

RTheo — B<Bz_ - J/WKTL) _ 035f8866
KT BB = J/wat) ) 042509

RTheo = B(Bc - J/l//K/1+) _ 0121L8822 (54)
/7= B(B. = J/ya") ) 0.05:90"

We also present the ratios between the AS = 1 and AS =0
decay rates in these Bf — J/wA™ modes as the following,

Theo — B<BBL - J/WKT) _ 007j8811
/e = B(BE — J/way) ] 0.081091

RTheo  — B(Bf = J/wK'™") _ 002559 (55)
Ko™ B(B: — Jfwal) | 001398

and

RTheo = B(Bzr - J/WK;L) _ OSljg(%g
K0T B(BE = T/wby) ) 0.6110%

o _ BUBL = JfyKy) [ 018788 6
/0 BB = J/wb{) ] 0.08700

These ratios would be helpful to explore the QCD dynam-
ics in the considered axial-vector mesons, especially in K
and K.

C.B} — J/yS*

As we currently known, our colleagues categorize the
light scalars in the two-quark structure into two different
scenarios [56], namely, the scalars below 1 GeV could be
considered as the gg-ground states and those around
1.5 GeV could be viewed as the first excited states
correspondingly in scenario 1 (S1), while the scalars
around 1.5 GeV might be the lowest-lying gg-bound states
and those below 1 GeV have to be the four-quark states in
scenario 2 (S2). This means explicitly that a(980)™ (It will
be denoted as aa” for convenience.) and k" in S1 and
ao(1450)" and K;5(1430)" (They will be expressed as a,"
and K" for simplicity.) in both S1 and S2 will be taken into
this study, due to the availability of factorization approach.
Different from the factorizable-emission-diagrams-domi-
nated decays B — J/y(P*, V™), due to the highly small
vector decay constant fg, the factorizable emission dia-
grams are strongly suppressed in the Bl — J/w ST modes.
We present explicitly the decay amplitudes of B —
J/wS™ from the factorizable emission and nonfactorizable
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TABLE IL

The decay amplitudes (in units of 107> GeV~>) from different diagrams of B} — J/wS* in the iPQCD formalism. The

upper (lower) entry corresponds to the scalars a;" and K" in scenario 1 (2) at every line. For comparison, the decay amplitudes of
BY — J/wr" are also provided in the last column. For the sake of simplicity, only the central values are quoted for clarifications.

Modes Bf — J/yag Bt — J/yx* B = J/way" Bf — J/wK" B, = J/yn™"
Decay amplitudes (fe) _ . _ . 0.09 +i0.63 1.07 +i7.06 .
0.11 —i0.73 1.17 — i7.60 —015—i0.97 ~1.60 — i10.60 18.21 + i91.88
. . . —68.32 +i33.43 —11.39 4 i6.47 .
Decay amplitudes (nfe) —48.13 +i52.70 =7.87+1i12.70 _44.16 + i1.08 1030 4+ 12.90 —2.04 4 i3.22

emission diagrams respectively in Table 112 Therefore, the
estimations going beyond naive factorization are essential
for us to find out the useful constraints on ffz_with the help
of large branching fractions arising almost from the non-
factorizable emission contributions. Moreover, different
from the decay Bf — J/wb| with angular decomposition,
the decays B} — J/wS* have only longitudinal contribu-
tions because of conservation of the angular momentum.
The CP-averaged branching fractions of the Bl —
J/wS* decays in the iPQCD formalism are given as,

B(B! — Jjwaj)
= 5.98195 (Bp.) 038 (fa) 1155 (B;) x 1074, (57)
B(Bf — J/yx")
= 1315030 (Bs, ) 1018 (fu) 2044 (B;) x 1075, (58)
and

B(Bf = J/wagyh)

) {6.39:2;22 )R B) x 107
220804 (5, ) 55 ) 3 (B) x 107
B(Bf — J/wKy")
B { 3.22508 (Bp ) 0ed (fa) 2034 (B) x 1072 (60)
223295 (B ) 95 (Fan) 053 (B,) x 1073

where the first (second) entry corresponds to the value
obtained in S1 (S2). The similar patterns also appear in the
following ratios for related modes. We stress that the less
experimental constraints on the shape parameter 5 of B,

meson, and on the scalar decay constant fg and the

*Due to the SU(3) flavor symmetry breaking effects, specifi-
cally, the strange quark mass and the up or down quark mass
satisfying the relation of m, > m,, then the considerable
contributions induced by the vector decay constants f,+ and
f it according to Eq. (All) appear from the factorizable
emission diagrams in the Bf — J/wST(AS =1) channels,
relative to those in the Bl — J/wST(AS = 0) modes with tiny
isospin symmetry breaking.

Gegenbauer moments B; in the light-cone distribution
amplitudes of scalars result in the remarkably large errors
in theory.

Generally speaking, the theoretical uncertainties induced
by the input parameters are usually canceled to a great
extent in the relative ratios of the branching fractions. The
ratios between the corresponding branching fractions of the
AS =1 and AS =0 modes in the Bf — J/yS™ decays
can then be read as,

B(Bf — J/yx*
(B Thgag) = 0P

S = BB~ I jway)

pieo _ BBE = J/wKi) [ 0.050%550
Ko/ B(BE — J/wayt) | 010190

(61)

And, the relative ratios of B(Bf — J/wS") over B(Bf —
J/wrt) are presented for future detections as follows,

RTh/eo = B(Bf — J/W“(T) _ 0'51:())411;’
“t B(Bf = J/yx") '
B(Bf — J/yx™)
Theo — c _ 0.005
RK/§0 = BB: = Jjyr’) =0.01 1f0.004, (62)
and
RTheo

_B(Bf > Jjyay*) [ 0555017
W= B(BE = Tjyx") ) 0191012

RTheo — BB - J/yKy™") 0.02820063
K/m T B(BE = T/waT) ] 0.019409%

(63)

Strictly speaking, the errors induced by the hadronic
parameters of light scalars are hard to be effectively
canceled due to their unknown nature. It is found that
the errors are still large in the above ratios generally.
Nevertheless, these decay modes can provide chances to
understand the QCD dynamics because they must be
studied in the factorization framework of QCD going
beyond naive factorization hypothesis.
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D.B - J/yT*

As discussed in footnote 1, the factorization formulas
analogous to the By — J/wV™' decays in the modes
B — J/wT™" could then be easily got because of con-
servation of the angular momentum. But, extremely differ-
ent from the B — J/wV™ decays, the tensor mesons
cannot be produced via the vector current. Hence, the
factorizable contributions associated with T-emission in
these Bf — J/wT+ modes are forbidden intuitively. It
means that the decays BY — J/wT' must be explored
beyond the naive factorization approach. Their branching
fractions are contributed completely by the nonfactorizable
emission diagrams. It is emphasized that, due to few studies
on the light-cone distribution amplitudes of tensor meson,
only the available asymptotic forms of tensor meson’s
distribution amplitudes are adopted tentatively in this work.

Therefore, the branching fractions of the Bf — J/ywT+
decays predicted in the iPQCD formalism are presented as
follows,

B(Bf —J/way)=13920% (Bs, ) 018 (far) X 1074, (64)
B(BS —J/wK5")=9.05733) (Bs,) 003 (far) x 1076, (65)

where the dominant errors come from the shape parameter
Pp, and the less constrained decay constant f7, respec-
tively. Based on the assumptions of B(a; — z"n n") ~
B(aj - n72%°2°) and the validity of narrow-width
approximation associated with the branching fractions
B(a, —37)=(70.1+2.7)% [13] and B(B} — J/wa]) =
(1.397949) x 107, the large branching fraction B(Bf —
J/wai (= m"a 7"))ipoep = (0.49701)) x 107 will be
tested at the relevant experiments in the near future. The
measurements on this value will help examine the reliabil-
ity of iPQCD formalism and further obtain the information
of Bg , even the tensor mesons’ QCD behavior from the
related observables.

The longitudinal polarization fractions of the
B —» J/wT" modes are also predicted in the iPQCD
formalism as the following,

Fu(BE = Ijwas) = (96.1:3})%.
Fu(BE = TJyK;h) = (95.3199)%. (66)

which meets the naively expected hierarchy, i.e., f; ~ 1,
in the tree-level b — ¢ transitions based on quark-helicity
conservation [73,74].

Like Ry, in the Bf — J/wP™" sector, we can define
Rk:/q, in the B — J/wT" decays and predict its value
within the iPQCD formalism as follows,

BB = J/wKy)

Theo — — +0.002
RK;/(/ZZ - B(B:_ N J/l//a;) 0'065—0‘002 . (67)

It is of great interest to find that this result agrees so well
with Rg-/, & |fx+/f|* - |Vus/Vual* naively anticipated in
factorization ansatz, and is also very close to the ratio RE}?
The underlying reason is that, relative to the predominant
contributions from factorizable emission diagrams while
with negligible nonfactorizable emission contributions
in B — J/wyV™, the B — J/wT" decays are absolutely
contributed from the nonfactorizable emission ones.
Therefore, the ratio in the latter decays could be cleanly
written as |f:/fa,* - [Vus/Vual* due to the SU(3)-flavor
symmetry in the leading-twist distribution amplitude
¢7(x), however, that in the former decays could only be
approximately expressed as |fx-/f,|* - |Vus/V.al* due to a
bit destructive interferences from the nonfactorizable
emission decay amplitudes in fact.

The ratios of B(Bf — J/wT™) over B(Bf — J/wx™")in
the iPQCD formalism could be written as,

Theo — B(Bj - J/wa;r)
wls = B(BI = J/yr")
<o _ BB = J/yK;)

= — +0.000
Ki/n = B(B — J/yx) 0.008 901 » (68)

0.01
= 0.127001,

which will be utilized to help explore these two
Bl - J/wT™" decay modes at LHC, even CEPC experi-
ments in the future.

Because of no very rigorous constraints on the shape
parameter fz in the B.-meson distribution amplitude and
on the Gegenbauer moments in the light-cone distribution
amplitudes of p-wave light hadrons from the aspects of
current experiments, we suggest our experimental colleagues
to make much more relevant measurements on the predic-
tions, especially the relative ratios of the branching fractions,
to further understand the involved perturbative and non-
perturbative QCD dynamics in the related channels, despite
no easy detections on the individual decay rates. The related
measurements could also help differentiate the reliability of
the adopted approaches and/or methods.

Finally, one more comment is that, within the framework
of this iPQCD formalism in association with the newly
derived Sudakov factor by including the charm quark
mass effects, we could extend the related studies to the
decays involving B, to charmonia transitions, such as
Bl = (e, xes(J =0,1,2),...)M*, which request detailed
investigations on the related modes because of the involved
complicated dynamics. These studies will be performed in
the future and the numerical results will be presented
elsewhere.

In summary, we have systematically studied the
B.-meson decays into J/y plus a light meson by com-
pletely including the charm quark mass effects in the
iPQCD formalism at leading order. Several interesting
predictions for the observables such as branching fractions,
relative ratios, and longitudinal polarization fractions are
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presented explicitly. Based on the numerical results and
phenomenological analyses, we find that

(i) The iPQCD predictions for the ratios between
the branching fractions of B — J/wK* /Bl —
J/wa! (= Tz~ n") and Bf — J/yzn" are highly
consistent with the current data, though their indi-
vidual decay rates are not yet available presently.
The branching fractions of CKM-favored B} —
J/wP*, Bf —» J/yV", and Bf — J/ya; decays,
which are predominated by the factorizable emission
diagrams, around O(1073) are predicted in the
iPQCD formalism and await near future tests at
the LHC experiments.

(i) The iPQCD predictions for the branching fractions
of the factorizable-emission-diagrams-suppressed/
forbidden modes such as Bf — J/wb|, Bf —
J/wS*t, and Bf — J/wT* are provided theoreti-
cally for the first time in the literature and will be
confronted with the future measurements at LHC,
even CEPC experiments. Objectively speaking, the
investigations on these decay modes with large
nonfactorizable decay amplitudes should go beyond
naive factorization to further help understand the
involved perturbative and nonperturbative QCD
dynamics. Phenomenologically, the precise mea-
surements on this type of decays could help con-
strain the shape parameter 5 in ¢y (x), as well as
explore the nature of light hadrons.

(iii) Almost all of the B — J/wM™ decays with polari-
zation contributions are governed by the longi-
tudinal decay amplitudes, which are consistent with
the naive expectation f; ~ 1 in the tree-level b — ¢
transitions, except for the B — J/wK,(1400)*
channel with possibly destructive interferences be-
tween Bf — J/wK{, and Bf - J/wK|, in longi-
tudinal polarization. The related iPQCD predictions
will be examined at relevant experiments in the
future.

(iv) The model-independent ratio between the branching
fractions of CKM-suppressed and CKM-favored
BF — J/wT™ decays is obtained and expected to
shed light on the information of #z promisingly. By
utilizing the golden channel B — J/wz™ as nor-
malization, the relative ratios between the branching
fractions of Bf — J/yM*(M =V,A,S,T) and
B} — J/wn™ are predicted in the iPQCD formalism
and would be helpful to search for these decay
modes in near future examinations.
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APPENDIX A: MESONS’ DISTRIBUTION
AMPLITUDES

As aforementioned, the distribution amplitudes of initial
and final mesons have been presented in the literature. For
the sake of simplicity, we here just collect them in this
appendix.

For the initial B. meson, the distribution amplitude
¢p_(x,b) in the conjugate b space of transverse momentum
k; could be written as follows [41],

(1 —x)m? + xm3,

¢, (x.b) = 2\/WNB X(1=x)exp | = 86% x(1—x)
X exp[—Zﬂch(l —)C)bz]7 (Al)

The shape parameter fp = 1.0 £ 0.1 GeV could enable
the distribution of ¢ (x) to coincide with those proposed
in Refs. [75,76]. The normalization constant N _is fixed by
the following relation,

1 [ _ IB
[ s = 0px= [ g (e = 5

where the decay constant fp = 0.489 £ 0.005 GeV has
been obtained in lattice QCD by the TWQCD
Collaboration [77].

For J/w meson, the explicit forms for the distribution
amplitudes of twist-2 ¢§/€, (x) and twist-3 qb’j}’w (x) could be
read as [52],

D7 () =7, (x)

(A2)

— fJ/ _ M07
—os8 e 1 [ 20T
1— 07
oin-toslgo-a [ )
1- 0.7
=167 g+ -1 |
(A3)
where  f;, is the decay constant with value

0.405 £0.014 GeV.

For light mesons, the distribution amplitudes for pseu-
doscalars, vectors, axial-vectors, scalars, and tensors have
been obtained in the QCD sum rules [62].
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(1) For light pseudoscalars (P): pion and kaon
The light-cone distribution amplitudes ¢ (twist-2), and ¢5 and ¢% (twist-3) have been parametrized as [53-55]

(i)

fr
22N,

fr
22N,

fp
22N,

Pp(x) =

Pp(x) =

Pp(x) =

with the decay constants f, =0.131 GeV and

fx =0.16 GeV; the Gegenbauer moments
af =0, af¥=0.17+0.17, af =0.115+0.115,
ay = —0.015; the mass ratio p,x) = m,,(K)/mO K,

mf = 1.4 GeV and m& = 1.6 GeV being the chiral
masses; and the Gegenbauer polynomials C%(¢),

(1) =31,
1

APay=36e-1).  GPw=36r-1),
1

Ci* (1) = g (3302 +351%),

3/2 15 2 4

C2(1) = 2 (1= 1422 + 2114). (AS)

% |

In the above distribution amplitudes for kaon, the
momentum fraction x is carried by the s quark (This
definition is same for the strange mesons in the
following items). We choose the parameters 13 =
0.015 and w3 = —3 [53,54] for both pion and kaon.
For light vectors (V): p and K*

The twist-2 distribution amplitudes for the lon-
gitudinally and transversely polarized vector meson
can be parametrized as [58]:

6x(1 - x) [1 +aPCPx—1) + a2

1 7 3
(1—2x)[1—|—6<5773 371303 = 202 gp%ag)(l—lox—I—lez)],

25— 1)+ af 2/ (2x - 1)},

5 9
[ <30'I3 _E'OP> C]/Z(ZX— 1) —3<’73w3 +%P72r(1 —|—6a§)> Cl/2(2 1)]

(A4)

T _ 3f\T/ _ 1 ~3/2 _
#0) = Tl 0)[1+ah, ¢} @x - 1)

+ad, CY(2x - 1)} : (A7)
Here fy and f7, are the decay constants of the vector
meson in longitudinal and transverse polarizations,
respectively. The decay constants and Gegenbauer
moments for light vectors at scale 4 = 1 GeV have
been studied extensively in the literature [58,59]
and could be found in the following Table III. The
masses of p and K* are taken as 0.775 GeV and
0.892 GeV, respectively.

The asymptotic forms of the twist-3 distribution
amplitudes ¢}’ and ¢y are [78]:

(A8)

(A9)

3
dy(x) = \/g_]\vf—x(l ~x) [1 +a),C*(2x 1) (iii) For light scalars (S): ag, &, ao(1450) and K;(1430)
¢ In general, the leading-twist light-cone distribu-
agvcg/z(z Y 1)} , (A6) tion amplitude ¢g(x,u) can be expanded as the
Gegenbauer polynomials [56,57]:
TABLE III. Decay constants (in GeV) and Gegenbauer moments for light vectors.

fr 13 ai, aj,
0.107 £ 0.006 0.105 +0.021 0.15£0.07 0.14 £0.06

fx fk- a‘l‘K ag,( aji- g
0.118 £ 0.005 0.077 £0.014 0.03 £0.02 0.11 £0.09 0.04 £0.03 0.10 £0.08
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3 7 TABLEIV. Scalar deca tant f (in GeV) and G b
_ 1 - . y constant fg (in GeV) and Gegenbauer
¢s(x. ) 2N, x( x) {fs (,u) + fS(ﬂ) moments By ; for light scalars.

(A10)

where fg(u) and f¢(u), B,, (1), and Cfn/z(t) are the
vector and scalar decay constants, Gegenbauer mo-
ments, and Gegenbauer polynomials for the scalars,
respectively.

For charged scalar mesons, there exists a relation
between the vector and the scalar decay constants,

mg

Ts=Hsls 12 () — 1 (1)

and pg = . (Al1)

where m; and m, are the running current quark
masses in the related scalars.

The values for scalar decay constants and Ge-
genbauer moments in the scalar meson distribution
amplitudes have been investigated at scale u =
1 GeV in Ref. [56] and are collected in Table IV.
The masses of the considered scalars are m,, =
0.98 GeV, m,=0.845GeV, mq (1450 = 1.474 GeV,
and M- (1430) = 1.425 GeV, respectively.

As for the twist-3 distribution amplitudes ¢§ and
@%, we adopt the following asymptotic forms:

Scalars fs B, B3

ag 0.365 +0.020 -0.93 £0.10 0.14 £0.08

K 0.340 £ 0.020 -0.92 £0.11 0.15 +£0.09

ap(1450) —0.280 £+ 0.030 0.89£020 —-1.384+0.18
0 0.460 £0.050 —-0.58+0.12 -0.49 £0.15

K3 (1430) —0.300 £ 0.030 0.58 £0.07 —-1.20 £0.08
0 0.445£0.050 —-0.57+0.13 -042+0.22

@iv)

Notice that, as inferred from Ref. [79], the Gegen-
bauer polynomials of twist-3 distribution amplitudes
for light scalars are only available in S2 [80] and
could mainly modify CP asymmetries in the
B-meson decays. Because of no CP violations in
the considered B,.-meson decays, we will left this
issue for future investigations.
for light axial-vectors (A): a;, by, K4, and K
More discussions on light-cone distribution am-
plitudes of the light axial-vectors have been made in
the literature [60,61]. Here, we just simply collect
the expressions adopted in this work. The details
about these distribution amplitudes could be found,

_ _ e.g., in Ref. [60]. The twist-2 distribution amplitudes
; f (1-29 : P
bs =5—7=1/s bs = 5—7=1s(1 —2x). for the longitudinally and transversely polarized
2\/2N, S 2y2N, . grucinaty: & y P
axial-vector 1°P; and 1'P; mesons can be para-
(A12) metrized as [61],
|
3/ Il I 30
#a() = (=) [aOA +al, & 2x-1) +dl,c2x - 1)] , (A13)
T 3f 1 1 3/2 1 32
$i(x) = 2—Nx(1 —x) [%A +aj €y (2x = 1) + a3, G5 (2x - 1)}7 (Al4)
As for twist-3 distribution amplitudes for axial-vector meson, we use the following form [61]:
' __3 L L 2
Pu(x) = 2N gy (20 = 1)" + 5 a3 (2x =B 2x - 1)* = 1) 0, (A15)
s 3f d
¢ (x) :Wa{x(l —x)(agy +afy(2x = 1))} (A16)
Y 3 I 2y 4l 3
¢A(x):4\/w 5“0A(1+(2x_1) ) +aja(2x—=1)° ¢, (A17)
" 3f d
#3) = e L5~ Dby + e = 1)} (A18)

where f is the “normalization” decay constant (More related discussions could be found in [61]).
The decay constants and Gegenbauer moments have been studied extensively in the literature (see, e.g., Ref. [60]
and references therein), here we adopt the values at scale 4 = 1 GeV as collected in Table V. Moreover, the masses of
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TABLE V. Decay constants (in GeV) and Gegenbauer moments for light axial-vectors.

fa] a(‘)‘al a‘l‘al agal aéal allczl aZLal

0.238 £0.010 1 -0.02 £0.02 0 —1.04 £0.34

I, a(‘lb] a‘l‘b1 agbl g allb, “2Lb,

0.180 £+ 0.008 0.0028 £ 0.0026 —-1.95£0.35 e 1 0.03 £0.19
L 1 1

fK“‘ a(‘lKlA auKlA agK]A 4ok ik, T

0.250 £ 0.013 1 0.00 +0.26 —0.05 £0.03 0.08 £0.09 —1.08 £0.48 0.02 £0.20
L L L

Tk al'),(m a‘llK]R ag,{m A0k, DK,y DK 1y

0.190 £+ 0.010 0.14 +0.15 -1.95+045 0.02 +0.10 1 0.17 £0.22 -0.02 +£0.22

— _ _ 3/2
TABLE VI. Decay constants (in GeV) for light tensors. ¢ (1) = ¢ (x) =x(1=x)[a G (1],

15
t _ _ 2 K — _
fa I fx: 14, hj (x) = > (I=6x+6x7)r,  hj(x) =15x(1—x)t,
0.107 +£0.006 0.10540.021 0.118 +0.005 0.077 +0.014 g (x) =5, ¢4 (x)=20x(1-x)t. (A20)

related axial-vectors are m, = 1.23 GeV, m;, =
1.23 GeV, mg , =1.32GeV, and mg  =1.34GeV,
respectively.
For light tensors (T): a, and K3

Here, we present the light-cone distribution

)

with the Gegenbauer moment a; % for the first
rough estimates. It is worth commenting that, in
principle, the Gegenbauer moments for a, and K3}
should usually be different due to the expected
SU(3)-flavor symmetry breaking effects. Therefore,
the larger Gegenbauer moment a; adopted here will
demand further improvements through precise mea-

amplitudes of light tensor mesons following iy
Refs. [62,63]: surements. The decay constants for a, and K3 are
presented in Table VI. Moreover, the masses for a,
, and K3 are adopted as 1.318 and 1.427 GeV,
3fr 31 respectively.
¢r(x) :\/QTC¢H(X)’ ¢7(x) :\/Z—ch/u(x), P Y
con T y N JT d B APPENDIX B: FACTORIZATION FORMULAS
¢T(x)*2 /—ZNC H(x)’ ¢T(x)*4 /—ZNCE H(x)v FOR Bc+ _)J/V/M+ DECAYS
P (x) = fr (), % (x) = Jr d , ) In this section, we present the factorization formulas
/2N, ax. or - 82N, dx L) explicitly for the Bf — J/wM™ decays calculated in the
(A19) iPQCD formalism. First of all, the expressions for B —

with

(i) For factorizable emission diagrams,

J/wP" decays could be referred to Ref. [41] for details,
and are no longer presented here. For BY — J/wS™ decays,
the factorization formulas are presented as follows,

1 e
Fe(S) = —SﬂCFm%F/) dxldx3[) bldblb3db3¢3(_(x1, bl)(’% - ])

X { [ﬁ(’”b +2x3 = 2)¢},, (x3) — (2ry + x5 — 1)455/1,,(963)] hq(x1.x3,. b1, b3)E(1,)

+ [3(xy = 1) = rJgf, (x3)hy (x1, x5, by, bS)Ef<th)}v

where the ratios r;, = m;,/mg_and r, = m./mg_. The

(B1)

hard function £;(x;, b;) and the evolution function E(t;)

could refer to those expressions in Ref. [41] and are collected in Appendix C.

096006-
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(i) For nonfactorizable emission diagrams,

32 1 o
Me(S)_%”CFm%L./O dxldxzdx3A bydb,bydbypg (x1.b1)ps(x2)(r3—1)
X{[(r%_l)(XI+X2_1)¢§/V/(X3)+r3(.X3—xl>¢‘t,/w(X3)j|Ef(tc)hc<xl,xZ,X3,b1,b2)

+ [(le — (X 4x3) +73(x, —x3))¢§/w(x3) +r3(x3 —x1)¢'1/1,,(x3)} hd(xlvx2’x3vbl’b2)Ef(td)}- (B2)

Then, for Bf — J/wV* decays, the factorization formulas with polarization contributions are collected as the following,
(1) For factorizable emission diagrams,

FHV) =8y [ dnidrs [ bidbibadbagy, (31 b0y/1 - 7
X { [%(’b +2x3 = 2)¢}, (x3) — (2ry + x5 — 1)¢§/¢,,(x3)} hq(x1,x3,b1,b3)E(1,)
+ [r%(xl -1)- rc:| B, (x3) iy (x1, %2, by, bZ)Ef(tb)}v (B3)
FY(V)= SHCFm%L,VZAIdxld)% Awbldb1b3db3¢3(.(x1,bl)
x { (3 + 43 = 2) + 7y = 205, () = r3((4r, 531+ 13) = 208, () a1, 53, by B E (1)
—r3[r34+2r.—2x; + 1]¢3/.,,(X3)hh(x17x2» by, bZ)Ef(tb>}’ (B4)
FT(V) = 162Cpm} ry Al dxydxs [)m bidbybsdbss (x,.by)

X { [(”b - 2)455/1,,(363) + r3x3¢5/,,,(x3)} ho(x1,x3,b1,b3)Ef(1,) = ”3¢§/l,,(x3)hb(x1ax2, by, bZ)Ef([b)}v
(B5)
(i) For nonfactorizable emission diagrams,

32 1 o0
MQ(V):%ECFmg_/O dxldxzdx3/0 bldblbzdbzquc(xlabl)¢V(x2)\/ 1—’%

s (3= 1000 008 ) 7o =300 0| B e by )
+ [(le = (x2 +x3)+r%(x2_x3))¢1]/y,(x3)+r3(x3_xl)(ptj/w()%)}hd(xl’x%x&blvb2)Ef(td)}’ (B6)
32 &
MQV(V) = _%”CFWL?;( Al dxldxzdx3A bldblbzdbzd)gl’_(xl,bl)rz
x { (01 =30 = 26 4+ 1) 01 300 = D (02) + (1= 201 + 30 = Dt ()]
X 71, (X3)Ep(te)he(x1. %0, X3, b1, by) + [(('%(xl + X2 = 203) + x1 = x2) ) (x2)
+ (1= r3)*(x1 = x2) % (x2)) ], (x3) + 2r3((x3 = x2) 15 + x5 + x5 = 2x1)¢€/<x2)¢3/,,,(x3)}

% hy(xy. x3, x5, b, b2>E.,»<rd>}, (B7)
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64 1 ©
M (V) —_—”CF’”%CA dxldxzdx3A bydb bydbygp (x1,by)rs

V6

X { [(V%(Jﬁ =Xy = 2x3 + 1) +x; + 2 = 1§ (x2) + (%) +x, = 1) ?/(xz)}

X B, (X3)Ep(te)he(x1, %0, %3, by, by) + [((x1 = x2)py (x2) + (x1 (14 13)* + x(15 = 1) = 213x3)

X ¢L\’/(x2))¢5/.,,(x3) + 2”3@‘3(@ +1)- xz(’% -1)- 2x1)¢€}(x2)¢§/w(x3)} h(x1, X2, %3, by, bZ)Ef(td)}'

For BY — J/wA™ decays, the factorization formulas
could be easily obtained as
Fi—-Fi, M, —-M, (B9)
associated with the replacements of ¢y — ¢4 and ry — ry
correspondingly.
And, for Bf — J/wT™" decays, as discussed in Ref. [46],
the related factorization formulas could be straightfor-
wardly obtained through those for B} — J/yV™ decays

as follows, |

(B8)

2 1

in association with the corresponding replacements of
¢V d ¢T and ry = rr.

APPENDIX C: RELATED FUNCTIONS

We here collect the related functions, i.e., hard functions
h;(x;,b;) and evolution functions E(t;), in the factoriza-
tion formulas.

The general form of &;(x;, b;) in the factorization formulas could be written as follows,

hap(x1. %51, b3) = [0bs = b)o(/Basbt)Ko(/Basbs) + (b <> bs)| Ko(/aby). ()
he.d(x1, %2, X3, by, by) = [0(by — by)lo(Vaby)Ko(Vaby) + (by < by)|Ko(y/Beabz), (€2)
with the factors @ and f,, ., and the hard scales ?,; . 4,
a = —[(x; —x3(1 = r3))(x — x373)|mj , (C3)
Po=—l(1=x3(1 =) (1 =x3r3) = rilmi . By =—[(1 —x; = 3)(r3 = x;) = rE|mi . (C4)
Be = ~[(x3r3 + (1 =x2)(1 = r3) = x1)(x3(1 = 13) + (1 = x2)r3 — x| . (C5)
Ba=—=[(x2r3 + x3(1 = 13) = x1) (%373 + x2(1 = r3) — x1)|m . (Co)
1, = max(V/]al /18] 1/61.1/b3). 1, = max(V/]al. /18,1 1/b1. 1/b3). (C7)
to = max(V/]al /15[ 1/b1.1/b2). 14 = max(v/lal. V/IBal. 1/b1.1/b2). (C8)
Note that, as a and 3, .4 are negative, the associated Bessel functions transform as
Ko(vy) = Ko(=iv/]y]) Z%[Jo(m) +iNo(VDDL To(v/3) = Jo(\/ YD (C9)
for y < 0.
The evolution functions E () = a,(1)C;(t)S;(t) contain the Wilson coefficients
Cal) =3C+ G0, Caal) = C1(0), (c10)
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and the Sudakov factors

Sap(1) = sc(x1 P{.by) + 5. (x3P5, b3) +5.((1 — x3) P53, b3)
111, In(t/A)
“h [ 1“1n<mc/A)]’ ety
Sca(t) = sc(x1 Py, by) + s(x2P; , by)
+5((1 =x2)P3.by) + 5.(x3P3.by)
+5.((1 = x3)P3, by)
1 711, In(t/A) In(7/A)
B { M in(m/A) —1n<b2A>]’ S
|
_ (- %
S.(0,b) = 2ﬂ1{anQ ¢ne—(Q-¢e)(1 +lnb)}+4ﬂ%

ap,

where the explicit expression of the Sudakov exponent
5(Q, b) for an energetic light quark is referred to Ref. [49]
and that of the other Sudakov factor s.(Q, b) with inclusion
of finite charm quark mass effects can be found in
Appendix D.

APPENDIX D: SUDAKOV FACTOR S, (Q.b)
FOR B,-MESON DECAYS

Here, we show the explicit form of newly derived
Sudakov factor at next-to-leading logarithm accuracy with
two-loop running coupling constant ; that could make the
framework of iPQCD formalism for B,.-meson decays more
self-consistent.

+_{1n_+ (In220 — In22¢) — = (1 +1n2b)(0 — )}

443

_"z_ﬂ2{ ! 11
4,5? 4h* Q &
w3 (2 2 - L \O-¢ 19
L im2b4om2b) 2
+16ﬁ?{(27+9n +t3n AT
L4l 11,20 W2y, et
81 \Q ¢ ¢ 2

with definitions: Q =In[xPt/A], &=In[m./(vV2A)],

and b=In[1/(bA)], and the constants a; = Cr=1%
a2:%7—%2——nf, ﬁlzwén’ nd f, = 15 19n, with

ny being the flavor number. Notice that, when the replace-

ment & — b is adopted, then the formula presented in
Eq. (D1) will recover the Sudakov factor for B-meson
decays with strong running coupling constant a, at two-
loop level [49]. And furthermore, when the term f, in
Eq. (D1) is turned off, the equation will then return to the

1 /In20 In2¢

(7))

1 1 5 /In20 1n2¢\ 1 /In?20 In?2¢
1) 5 () ()

(D1)

Sudakov factor with one-loop running coupling constant
that has been adopted in this work,

S.(0.b) :%{Qm@-ame-( —2&)(1+1Inb)}
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