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Abstract The n’-mesons in the quark-flavor basis are
mixtures of two mesonic states [1y) = [uu + dd)/~/2 and
[ns) = |5s). In previous work, we have made a detailed study
on the n; leading-twist distribution amplitude by using the
D} meson semileptonic decays. As a sequential work, in the
present paper, we fix the 7, leading-twist distribution ampli-
tude by using the light-cone harmonic oscillator model for
its wave function and by using the QCD sum rules within the
QCD background field to calculate its moments. The input
parameters of 7, leading-twist distribution amplitude ¢»,,
at the initial scale g ~ 1 GeV are fixed by using those
moments. The QCD sum rules for the Og,-order moment can
also be used to fix the magnitude of n, decay constant, giving
fn, = 0.141 £0.005 GeV. As an application of ¢»,,, we
calculate the transition form factors B(D)™ — 1) by using
the QCD light-cone sum rules up to twist-4 accuracy and
by including the next-to-leading order QCD corrections to
the leading-twist part, and then fix the related CKM matrix
element and the decay width for the semi-leptonic decays
B(D)t — nV ety

1 Introduction

The mixing of n and " mesons is essential to disentangle the
standard model (SM) hadronic uncertainties with the new
physics beyond the SM. It involves the dynamics and struc-
ture of the pseudoscalar mesons that has two mixing modes
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n—n’ and n—n'—G, both of which have important theoretical
significance. These mixings are caused by the QCD anoma-
lies and are related to the breaking of chiral symmetry. How-
ever, since the matrix element of the exception operator is
mainly non-perturbative, it still has not been calculated reli-
ably. One may turn to phenomenological studies to obtain
useful information on the non-perturbative QCD theory [1-
3]. At present, the n—n'—G mixing mode has been studied
in detail in Refs. [4—10]. As for the n—n’ mixing model, one
can investigate it by using two distinct schemes, namely the
singlet-octet (SO) scheme and the quark-flavor (QF) scheme.
These two schemes reflect different understandings of the
essential physics and they are related with a proper rotation
of an ideal mixing angle [3]. Practically, a dramatic simplifi-
cation can be achieved by adopting the QF scheme [11-14],
especially, the decay constants in the quark-flavor basis sim-
ply follow the same pattern of the state mixing due to the
OZI-rule. In the present paper, we shall adopt the QF scheme
to do our analysis and to achieve a better understanding of
the mixing mechanism between 1 and 7’

The heavy-to-light B(D) — 1) transitions are impor-
tant, since they involve b — u and ¢ — d transitions and
are sensitive to the Cabibbo—Kobayashi—-Maskawa (CKM)
matrix elements |Vyp| and |Veq|. A more precise determina-
tion of | V| and | Viq| would improve the stringency of unitar-
ity constraints on the CKM matrix elements and provides an
improved test of SM. Many measurements on | Vyp| and |Vq|
have been done according to various decay channels of B(D)-
mesons [15-24]. Compared with the non-leptonic B(D)-
meson decays, the semi-leptonic decays Dt — 5" ¢+,
[25-28] and BT — )7(/)£+Vg [15,29-32] are much simpler
with less non-perturbative effects and can serve as helpful
platforms for exploring the differences among various mech-
anisms.
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As key components of B(D) — 1) semileptonic decays,
the B(D) — ' transition form factors (TFFs) need to be
precisely calculated, whose main contribution comes from
the |ng)-component (the [7y)-component gives negligible
contribution here, but will have sizable contribution for By
(Dy) decays [23]). By further assuming the SUg(3) sym-
metry, the TFFs ff(D)ﬁn(/) in the QF scheme satisfy the
relations [23,33]

FEO=1 _ coc g BP0 0
FED=  gin g PO )

where ¢ is the mixing angle between the |1, )-component and
the |n;)-component.

The TFFs of the heavy-to-light transitions at large and
intermediate momentum transfers are among the most
important applications of the light-cone sum rules (LCSR)
approach. Using the LCSR approach, a two-point correlation
function (correlator) will be introduced and expanded near
the light cone x2 — 0, whose transition matrix elements are
then parameterized as the light meson’s light-cone distribu-
tion amplitudes (LCDAs) of increasing twists [34-37]. It is
thus important to know the properties of the LCDAs.

In present paper, we adopt the light cone harmonic oscilla-
tor (LCHO) model for the 7, leading-twist LCDA ¢, . The
LCHO model is based on the well-known Brodsky—Huang—
Lepage (BHL) prescription [38,39]" for the light-cone wave-
function (LCWF), which is composed of the spin-space
LCWEF and the spatial one. The LCDA can be obtained by
integrating over the transverse momentum from the LCWF.
The parameters of ¢»;,, at an initial scale will be fixed
by using the derived moments of the LCDA, which will
then be run to any scale region via proper evolution equa-
tion. Its moments will be calculated by using the QCD sum
rules within the framework of the background field theory
(BFTSR) [40,41]. The QCD sum rules approach suggests
to use the non-vanishing vacuum condensates to represent
the non-perturbative effects [42]. The QCD background field
approach provides a simple physical picture for those vac-
uum condensates from the viewpoint of field theory [43—46].
It assumes that the quark and gluon fields are composed of
background fields and the quantum fluctuations around them.
And the vacuum expectation values of the background fields
describe the non-perturbative effects, while the quantum fluc-
tuations represent the calculable perturbative effects. As a
combination, the BFTSR approach provides a clean physical
picture for separating the perturbative and non-perturbative
properties of the QCD theory and provides a systematic way

! The BHL-prescription is obtained via the way of connecting the equal-
time wavefunction in the rest frame and the wavefunction in the infinite
momentum frame, which indicates that the LCWF is a function of the
meson’s off-shell energy.

@ Springer

to derive the QCD sum rules for hadron phenomenology,
which greatly simplifies the calculation due to its capability
of adopting different gauges for quantum fluctuations and
background fields. Till now, the BFTSR approach has been
applied for dealing with the LCDASs of various mesons, some
recent examples can be found in Refs. [47-51].

The remaining parts of the paper are organized as follows.
In Sect. 2, we give the calculation technology for deriving
the moments of 7, leading-twist LCDA ¢;.,, by using the
BFTSR approach, give a brief introduction of the LCHO
model of ¢2;,7q, and then give the LCSRs for the TFFs of
the semi-leptonic decay B(D)* — n,¢v,. In Sect. 3, we
first determine the parameters of ¢»,, ® and then the TFFs,
the decay width and the CKM matrix element of the semi-
leptonic decay B(D)* — 5 ¢+v, will be discussed. We
will also compare our results with the experimental data and
other theoretical predictions. Section 4 is reserved for a sum-
mary.

2 Calculation technology

2.1 Determination of the moments (7. 774) of the 7,

leading-twist LCDA using the BFTSR

For the QF scheme, the physical meson states |n) and |n’) are
related to the QF basis |n,) = [uu ~|—dd)/\/§ and |n;) = |5s)
by an orthogonal transformation [14],

(In)) _ (cow —sin¢) (|nq>> )
[n') sing cos¢ Ins))’

where ¢ is the mixing angle. For the QF basis, one has two

independent types of axial vector currents J 35 (g = u,d)
and J ;5, e.g.
Tl = L(12)/ ysu +dyuysd), TS5 =Syuyss. “4)
nS ﬁ M M ’ uS 2
Their corresponding decay constants are
O350 () = if 0pu. J=(q.5) )
J

where p is the momentum of 7). By extending the matrix
elements (5) as the non-local operators over the light cone,
one can achieve the definition of the corresponding LCDA.
The LCDA of the valence quark momentum fraction distri-
bution of 7’ meson can be defined similarly as those of other
mesons by spreading out the non-local operators on the light
cone via a way with increasing twists. In Ref. [52], the J xiS
has been adopted to study the properties of 7, and at present,
we will focus on J ;55 to study the properties of 7.
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To determine the properties of LCDA, one can firstly cal-
culate its moments. The "’ meson leading-twist LCDA are
defined as [9,10]

01 (2)Cjlz, —zlyuys ¥ (=) " (p))
1

= ifn(-,)p“ / dxei(”'p_fz'p)(ﬁz‘n(‘/) (x), (6)
J M
0

where W = (u,d,s) represents the triplet of light-quark
fields in flavour space, z, stands for the light-like vec-
tor, [z, —z] is the path-ordered gauge connection which
ensures the gauge invariance of the operator, and ¢2;n§° (x)

are leading-twist LCDAs of ) mesons with respect to the
current whose flavour content is given by C; with j = (g, s),
respectively. We have C;, = (V2C1 + C8)/~/3 and C; =
(C1 — v/2Cg)/+/3 with C; = 1/+/3 and Cg = Ag/+/2 which
are derived in SO scheme [9], where Ag is the standard Gell-
Mann matrix and 1 is 3 x 3 unit matrix.

By doing the series expansion near z> — 0 on both sides
of Eq. (6), one will get

(1B (0)C;ys(iz - D)W (O)|n" (p))
1

i / dx@2x = ', 0 (). %)
o J
=i p)" o (& o) ®)

where the ng,-order moment of n(/) leading-twist LCDA
¢2~n(’> (x) has been defined as
>

1

<$Zn;/)> = /dx(Zx — 1)n¢2;1’]§/) (x) (9)
0

As mentioned above, the n(’) meson has two distinct com-
ponents, |n,) and |ny). The |ny)-component has been stud-
ied by using B;(Ds;) — 1) semi-leptonic decays. Sim-
ilarly, the |n,)-component can also be studied by using
B(D) — 1" semi-leptonic decays. Equations (1, 2) indi-

0]
cate that to calculate the TFFs ff(D)_m

culate the TFFs ff(D)_)n". By further comparing theoreti-
cal predictions with the possible data on the B(D) — 5
semi-leptonic decays, we can inversely achieve useful infor-
mation on the 7, leading-twist LCDA. We will calculate the
moments of the 7, leading-twist LCDA ¢, (x), which have
been defined in Eq. (9), within the framework of the BFTSR
approach.

A recent mini-review of the basic idea and formulas for the
background field theory can be found in Ref. [52]. Following

, we need to cal-

the standard procedures of the BFTSR approach, to derive the
moments of the n, leading-twist LCDA, we first construct
the following correlator

M40 Gy =i [ dixe O (4,0, 5 )10

= @)1 (@), (10)

where the currents J,(x) = %[ﬁ(x)zys(iz . B)”u(x) +

d)gys(iz- DY"d()] and Jj(©0) = SL[a©O)7ysu(0) +
d(0)7ysd (0)] with z2 = 0. Only the even moments are
non-zero due to the G-parity, which indicate that n =
0,2,4,...), respectively.

Secondly, one can apply the operator product expansion
(OPE) to deal with the correlator in the deep Euclidean
region. In deep Euclidean region ¢> <« 0, after applying
the OPE, the correlator (10) becomes

1
l'[g?;;)l)(z,q) = i/d“xe’q'xETr[Cqu]

x { = 2Tr (OIS0, x)7ys(iz - DY S} (x, 0)ys10)
+ 2Tr (0] (x)u(0)2ys(iz - D)" SE(x, 0)7y510)
+2Tr(01S% (0, x)7ys(iz - DY"d(0)d (x)y5|0)

— Tr(0IS%(0. )Zys(iz - DY S (x, 0)1y5]0)

+ Tr(0]a()u(0)7ys(iz - D)" Sk (x. 0)£ys(0)
+Tr(0]5% (0, x)7ys(iz - D)"@(0)u(x)7ys(0)

— Tr(0]SE(0, x)7ys(iz - DY S%(x, 0)7ys10)
+Tr(0ld (x)d (0)ys(iz - DY"S%(x. 0)1ys10)

+ Tr(0]SE(0, x1)2ys(iz - D)"d(0)d (x)1y510)
4. } (11)

in which Tr[C,C,] = 1, (iz - B)” stands for the vertex
operators, S;(d) (0,x) and S;(d) (x, 0) represent the u- and
d-quark propagators move from 0 — x and x — 0, respec-
tively. The right-hand side of the correlator is perturbatively
calculable within the framework of BFTSR. Following the
standard procedures and by using the MS scheme to deal with
the infrared divergences, the correlator can be expressed as
a expansion series over the basic vacuum condensates with
increasing dimensions. Since the current quark masses of u
and d quarks are quite small, contributions from the u- and
d-quark mass terms can be safely neglected in the calcula-
tion.
Thirdly, the correlator can also be calculated by inserting a
complete set of the intermediate hadronic states in the phys-
ical region. By using the conventional quark-hadron duality

@ Springer
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[42], the hadronic expression of the correlator can be written
as

(n,0) 2 2 ~2 2 0
Im1y", "a(a®) = m8(q% — iy ) fr (85 ) (62 ) i

- (@” = sy,),

12)

b4 0
472(n + H(n +3)

where p represents the initial scale at which the 7, leading-
twist LCDAs have been defined. Because of the SU(3)r
flavour symmetry, here m,,, represents the 4 effective mass
[53], fy, is the decay constant of 1, and s,, stands for the
continuum threshold.

By matching the hadronic expression with the OPE results
with the help of the dispersion relation, one then obtains the
required sum rules. Applying the Borel transformation on
both sides, we can further suppress the uncertainties caused
by the unwanted contributions from both the higher-order
dimensional vacuum condensates and the continuum states,
and our final sum rules for the moments of 1, leading-twist
LCDA becomes

(85, 12 (822,
_ Eerﬁ%q/w{ 3
2 472(n+ 1)(n +3)

(1 — /My

(my +ma)(Gq)  (@sG?) 14 nb(n —2)
M4 1270 M4 n—+1

(my +mg)(gsqoTGq) 8n + 1
B M6 18

(g:Gq)* 42n+ 1)

M6 18

(@G nbn—2)  (g24q)° 2+«>

- MS 4872 M6 48672

MZ
X { —2(51n+25)<—ln—2> +3(17n + 35)
W

M2 49172 + 100n + 56
+9(n—2)[2n<—1n—2>+ n”+ 100 +
nw n

() +(2) e

(13)

where the parameter x = (s5)/(gq), which comes from
the use of relation g2 > (g, ¥ ¥)? = (2 + k2)(g2gq)? with
(¥ = u,d, s) in the OPE expansion. It has been shown that
due to the anomalous dimension of the ny,-order moment
grows with the increment of n, contributions from the much
higher moments at the large momentum transfer will be
highly suppressed [54]. Calculating the first few moments
is sufficient, thus avoiding the need for further calculations.
Specifically, the sum rules of the Og,-order moment gives

@ Springer

M? 2 e 1 a2
0 2 _ my, /M —Syg /M
((52;17(])'#) = _23 19 {m(l — e Sm )

Mg
(my +ma)(qq)  (my +ma)(gsgoTGq)
M4 18 M6
(@,G?) | 4(g:q9)* | (8299)* 2+«K*
127 M4 18M°0 M6 486m2

M2
x|:—50<—1n—2>+105:|}. (14)
"W

The effective mass ﬂznq is taken as ~ 370 MeV [53]. To
be self-consistent, we will adopt the relation <$£l'77q>| u =

(&5, u (€3, n) I/ /(&3 na) )% to calculate the ng-order
moment [55]. The decay constant is an important input for the
B(D) — 77(’ ) TEFs, which has been calculated under differ-
ent methods such as the LCSR [56], the QCD sum rules (QCD
SR) [57,58], the light-front quark model (LFQM) [59-62],
the lattice QCD (LQCD) [63-66], the Bethe—Salpeter (BS)
model [67-69], the relativistic quark model (RQM) [70-72],
the non-relativistic quark model (NRQM) [73], and etc. As
for the decay constant f;,, those studies show f; is withina
broader range [0.130, 0.168] GeV. At present, the sum rules
of the n, decay constant can be inversely obtained by using
Eq. (14). The (53 nq>|“ should be normalized in a suitable
Borel window, which will be treated as an important criteria
for determining the 1, decay constant.

2.2 The LCHO model for 7, leading-twist LCDA

The meson’s LCDA can be derived from its light-cone wave-
function (LCWF) by integrating its transverse components.
It is helpful to first construct the 7, leading-twist LCWF and
then get its LCDA [74,75]. Practically, the n, LCWF can be
constructed by using the BHL prescription [38,39], and the
LCHO model takes the following form [55]:

Vin, (6 K1) = Xaip, (. KLY, (%, K1), (15)

where Kk is the 7, transverse momentum, x>, ’ (x, k)
stands for the spin-space WF that comes from the Wigner—
Melosh rotation and the spatial WF wzlf "y (x, k) comes from
the approximate bound-state solution in the quark model for
14 - Some more explanation on the LCWF construction can be
found in Ref. [55]. Using the following relationship between
the LCDA and LCWE,

2 2
ko l"=1® g2k |

26
167T3 1!/2;)7q(kaJ_)7 (16)

¢2;nq(x: n) = f_r;q 0

and by integrating over the transverse momentum k , one
then obtains the leading-twist LCDA ¢2.,, (x, w), i.e.
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“/§A2;ﬂqmq:32;nq

G2, (X, 1) = Vxxea;y, (x)
Mg 2\/5]_[3/2qu Ng
2
m
x 4 Erf +
8'32;17(,)”6

a7

where m; = m, = my is the constituent light-quark mass,
which is around one third of the proton mass and some typical
choices are 250 MeV [76], 330 GeV [77,78] and 300 MeV
[79,80], respectively.

The overall parameter A».;, and the transverse parameter
B:n ’ that dominates the LCWF’s transverse behavior, can
be fixed according to the following two constraints. One is
the normalization condition, which is the same as the pionic
case, €.g.

/ /6 3 W2, (X, K1) = Jf;]— (18)

Another is the probability of finding the gg Fock state in a
meson should be not larger than 1,

Py, :/ / = 3|¢2nq(x ko)

m

AZ.,7 my
= Sz 02, 0] r[ W} (19)

We adopt P, ~ 0.3 to carry out the following calculation,
which is the same as that of pion LCWF [75]. Equivalently,
one can replace the constraint (19) by the quark transverse
momentum (ki),,q , which is measurable and defined as [75]

d*k
/ / LR R, (k) P,

4 "

ex —_—

1 P 4xx/32 " Py ng

= / dx m2  (20)
0

mé -
o, ——7
4xx,32;nq

where the gamma function I'[s, x] = [; t¢~De™dr.

The function ¢y, (x) determines the dominant longitu-
dinal behavior of ¢».,,, which can be expanded as a Gegen-
bauer series as

P2, (X) = [1 +Y By x G 2x - 1)] @

For self-consistency, the parameters B, have been observed
to closely approximate their corresponding Gegenbauer

moments, i.e. B, ~ ay, especially for the first few ones
[80-82]. The n, meson Gegenbauer moments at the scale
can be calculated by the following way

Jo dxdpoy, (. )G 2x = 1)
i dx6x(1 —0)[CY/*2x — D2

ay., () = (22)

Then the Gegenbauer moments a (u) and the moments

(éz.nq )| satisfy the following relatlons

5 _ 1 12 2
@2;77(,)'“ = g 35 a;. nq(“)
3 8 8
4 _
<é2§77q>|”’ = g + 3_ (M) + 612 g (n)

(23)

Using the sum rules (13) of (55’ he ), one can determine

the values of a2 (u) which will be used to fix B,. In the

following we W111 adopt the given two Gegenbauer moments
2,4

a,. ng to fix the parameters B2 4.

2.3 The B(D)T — nqé"’vz TFFs using the LCSR

The LCSR approach is an effective tool in determining the
non-perturbative properties of hadronic states. Here and after,
we use the symbol “H” to indicate the B(D)-meson for con-
venience.

Following the LCSR approach, one should first construct
a correlator with the weak current and a current with the
quantum numbers of H that are sandwiched between the
vacuum and 7, state. More explicitly, for H — n,, we need
to calculate the correlator

,.(p. q) =i/d4xeiq'x(nq(p)IT{L_t(X)VMQ(X)»J'H(O)}IO)

= M[q% (p + @)*1pu + Mlg*, (p + 9)*1qp.

(24)

where the current jg = (mg Qiysd) with Q = (b, c)-quark
for (B, D) meson, respectively. The LCSR calculation for
the B(D)" — n, TFFs is similar to the case of By(Dy) —
ns, which has been done in Ref. [52]. In the following, we
will give the main procedures for self-consistency, and the
interesting reader may turn to Ref. [52] for more detail.

The dual property of the correlator (24) is used to con-
nect the two different representations in different momen-
tum transfer regions. In the time-like region, one can insert a
complete set of the intermediate hadronic states in the corre-
lator and obtain its hadronic representation by isolating out
the pole term of the lowest meson state, i.e.

@ Springer
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2 (p, q)
_ (ng(P)|iayu QIH (p+ ) (H(p + ) Qiysq10)
my = (p +q)*
£y Pl Q|H”2<p + @) (H (p + )| Qiysql0)
My = (p+4q)?

=1"Yg?, (p+ % lpe + T™MG%, (p+ )*lg, (29

where the superscript “had” and “H” stand for the hadronic
expression of the correlator and the continuum states of
heavy meson, respectively. Here, the decay constant of
B(D)-meson is defined via the equation, (H|Qiysq|0) =
m%{ fu/mg, and by using the hadronic dispersion relations
in the virtuality (p + q)2 of the current in the B(D) channel,
we can relate the correlator to the H — 1, matrix element

[9]

(g (P Q1 H(p + ) = 2pufy " (q?)
+au (£ @+ T GP), 26)

Due to chiral suppression, only the first term contributes to
the semileptonic decay of H — 1, with massless leptons in
the final state. Then, the hadronic expression for the invariant
amplitude can be written as

H—)nq(

m3, fu fi
[m3, — (p + q)°]

00 H,,2
p'"(q",s)
o e @

2
g% (p +¢)*1 =

where s is the continuum threshold parameter, ,oH is the
hadronic spectral density.

In the space-like region, the correlator can be calculated
by using the operator production expansion (OPE). The OPE
near the light cone x> ~ 0 leads to a convolution of pertur-
batively calculable hard-scattering amplitudes and univer-
sal soft LCDAs. The contributions of the three-particle part
being negligible [52], we solely focus on calculating the two-
particle part here, and the corresponding matrix element is

[83]

(ng ()it (x)d} (0)]0)

8t

1
= Efnq/dueiup.x{[ﬁVS]ﬁa¢2;nq(”)
0

1
= rslpattn, $3.,, @) + cloveyslpaPuxeitn, 95, ()
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1 ; r
+ E[/’VS]ﬂax2¢4;nq (u) — %[xVS]ﬂoz f 1/’4;17,1 (v)dv}-
0
(28)

The light-cone expansion for 9%, (p+q)P? < m% (or mg),
the correlator ITOFF can be written in the general form

% 142, (p + ¢)*1 = Fo(¢*, (p + @)%

asC
o R@ D). (29)

In the above equation, the first term is the leading-order (LO)
for all the LCDAS’ contributions, and the second term stands
for the gluon radiative corrections to the dominant leading-
twist parts.

After an analytic continuation of the light-cone expansion
to physical momenta using the dispersion relation, one can
equate the above two representations by the assumption of
quark-hadron duality. To improve the precision of the LCSR,
we also apply the Borel transformation, which results in

2 2
H— emu/M
f-‘,— b (qz) = 2
2m3, [

C
kil Yo MZ,SO):|, (30)
47

[Fo(qz, M?, s0)

where F (F1) represents the leading-order (LO) or the next-
to-leading order (NLO) contributions, respectively. Our final
LCSR for the H — ny TFF is

H—
fe M
Qf"q M /MZ/Idue_s(u)/Mz{M
2meH uo u
1/ 95, ) m2 + g% —u’m?
+ﬂ[¢§’. (u)+—<2 Sl d
mo [N 6 u my —q* + utm3
d durm
X E‘P&,’q (u)+ (m2 _q 2m )2¢3;nq ()
: [ Vi, (u)
U4y, (u
5 g% + u?m? a
<1 2uzm77 )
+ —
mZQ — 2 +ulm?
2
u
0 u
X dv v
/0 (2 nq( ) 4 2~ qz Tu
d? 6um% d
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2 2
a,Cpe™n/M
——Fi(g®, M?, s0), 31
87‘[me1-1
where u = (1 — u), MUy, = m%/(mu + myg), s(u) =
(sz — ig? + uﬁm%)/u and ug = (¢% — so + m% +

\/(qz — 50 +m3)? —4m32(q* — mé))/Zm%. The NLO
invariant amplitude F; (g2, M?, s9) can be found in Ref. [52],
which is given as a factorized form of the convolutions. As
will be shown below, the high-twist terms will be power
suppressed and have quite small contributions to compare
with those of the leading-twist terms, thus we will not dis-
cuss the uncertainties caused by the different choices of the
high-twist LCDAs. For convenience, we take the 7, twist-3
LCDAs ¢§ 7, 0 95, y, (). and the twist-4 LCDAS Yy, (1),
Q4. ng (u), together with their parameters, as those of Ref. [10].

Using the resultant B(D) — n) TFFs, one can further
extract the CKM matrix element | V4| or | Vyp| by comparing
with the predictions with the experimental data, i.e. via the
following Eq. [84]

(7) (Ir%mx
B = ntv) _ (™4 oy oy, G2)
“(H) o dg?

where 7(H) is H-meson lifetime, and the maximum of
squared momentum transfer g2, = (my — mn(,))2.

3 Numerical analysis
3.1 Input parameters

The numerical calculation is performed using the follow-
ing parameters. According to the Particle Data Group (PDG)
[24], we take the charm-quark mass m.(m.) = 1.27 £
0.02 GeV, the b-quark mass my (/) = 4.187003 GeV; the
n, n’, D and B-meson masses are my = 0.5478 GeV, m,y =
0.9578 GeV, mp+ = 1.870 GeV and mpg+ = 5.279 GeV,
respectively; the lifetimes of DT and B+ mesons are
7(BT) = 1.638£0.004 ps and T (DT) = 1.033 +0.005 ps,
respectively; the current-quark-masses for the light u and d-
quarks are m, = 2.16J_r8:‘2‘2 MeV and my = 4.67f8:‘1‘§ MeV
at the scale © = 2 GeV. As for the decay constants fp
and fp, we take fp = 02157007 GeV [10] and fp =
0.142 £ 0.006 GeV [84]. The renormalization scale is set as

,/m2B —n‘112) ~ 3 GeV for

the typical momentum flow up =
B-meson decay or up ~ 1.4 GeV for D-meson decay. We
also need to know the values of the non-perturbative vacuum
condensates up to dimension-six, which include the double-
quark condensates (¢g) and (g;Gq)?, the quark-gluon con-
densate (g;qo T Ggq), the four-quark condensate (gszc]q)z,

the double-gluon condensate («;G?) and the triple-gluon

condensate (gf.’ fG?3), and etc. We take their values from
Refs. [85-87],

(qq) = (=2.4177031) x 1072 GeV?,
(g:49)* = (2.08210537) x 1073 Ge VS,
(8:q0TGq) = (—1.93470188) x 1072 GeV?,
(824q)% = (7.4207381) x 1073 GeV®,
(sG?) = 0.038 £0.011 GeV*,
(g3 FG?) ~ 0.045 GeV°. (33)

The ratio « = (s5)/(qq) = 0.74£0.03 is given in Ref. [86].
When doing the numerical calculation, each vacuum conden-
sates and current quark masses should be run from their initial
values at an initial scale (ug = 1 GeV) to the required scale
by applying the renormalization group equations (RGEs)
[55].

3.2 The 5, decay constant and the moments (Eg’_ ’7q>

The continuum threshold parameter (s9) and the Borel
parameter M? are two important parameters for the sum rules
analysis. When calculating the decay constant f;, , one may
set its continuum threshold to be close to the squared mass of
the ’ meson, i.e. so = 0.95 + 0.1 GeV? [57]. To determine
the allowable M? range, e.g. the Borel window, for the Ng
decay constant, we adopt the following criteria,

e The continuum contribution is less than 30%;

e The contributions of the six-dimensional condensates are
no more than 5%;

e The value of fnq is stable in the Borel window;

e The (Eg; 77q)| 1o at the initial scale o = 1 GeV is normal-

izedto 1, e.g. (ggnqnm = 1.

We put the decay constant f;, versus the Borel parameter
M?in Fig. 1, where the shaded band indicates the uncertain-
ties from the errors of all the mentioned input parameters.
The decay constant is flat in the allowable Borel window,
which confirms the third criterion. Using the above four cri-
teria and the chosen continuum threshold parameter, we put
the numerical results of f;, in Table 1. As a comparison, we
also present the predictions using the QCDSR and LQCD
approaches. Our predictions are in good agreement with the
QCDSR 2000 [57] and the LQCD 2021 predictions within
errors [66]. The reason why we are slightly different from
QCDSR 2000 is that their calculation only includes the con-
tributions up to five dimensional operators, and our present
one includes the dimension-6 vacuum condensation terms.
Using the determined f,,q, we then determine the moments
of the leading-twist LCDA. Similarly, several important con-

@ Springer
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Fig. 1 The 5, decay constant f; versus the Borel parameter M?,
where the shaded band indicates the uncertainties from the input param-
eters

Table1 The decay constant f;, using the BFTSR approach. As a com-
parison, typical results derived from QCDSR and LQCD approaches
have also been presented

References I ’ [GeV]

This work (BFTSR) 0.1414563
QCDSR 2000 [57] 0.14410004
QCDSR 1998 [58] 0.168

0.034
LQCD 2021 [66] 0.149F3053

ditions need to be satisfied before the moments of n, LCDA
can be determined [52].

The Borel window is one of the important parameters to
determine the moments. When determining the Borel win-
dow, it is necessary to ensure that the contributions of both
the continuum state and the dimension-six condensates con-
tributions are sufficiently small. The lower limit of the Borel
window is typically defined by the dimension-six conden-
sates contributions, while the upper limit is determined by
the contribution of the continuum state. To find suitable Borel
window for the moments, we adopt the dimension-six con-
densates’ contributions to be no more than 5% and the contin-
uum contribution to be no more than 40%. More explicitly,
to fix the Borel window for the first two LCDA moments
(55’; nq> with n = (2,4), we set the continuum contribu-
tions to be less than 35% and 40%, respectively. We find that
the allowable Borel windows for the two moments (522;’;2 M

are M2 e [1.782,2.232] and M? € [2.740, 3.258], respec-
tively. Then the first two moments (éi’jq) at the initial scale

@ Springer

o = 1 GeV are

<s§;nq>|ﬂo =0.253+£0.014, (34)
<s§mq>|uo = 0.127 £ 0.010. (35)

3.3 The LCDA ¢,

Combining the normalization condition (18), the probabil-
ity formula for gg Fock state P, ~ 0.3, and the moments

<52(2 4))| 4o given in Egs. (34, 35), the determined LCDA
parameters are shown in Table 2 and their corresponding
LCDA ¢y, is given in Fig. 2. Its behavior of one peak with
two humps is caused by a%:nq (o) = 0.156 £ 0.042 and
ag;nq (no) = 0.055 £ 0.005, which is given by using their
relations (22) to the moments (S;’,n ) that can be calculated
by using the sum rules (13). In this paper, we take m, =
300 MeV to do the following calculation and use Am, =
+50 MeV to estimate its uncertainty. Table 2 shows that
the parameters B> and By and the quark transverse momen-
tum (ki)77 , increase with the increment of constituent quark
mass, but the harmonious parameter f;,, decreases gradu-
ally. Experimentally the average quark transverse momentum
of pion, (ki)n, is of the order (300 MeV)?2 [88]. It is reason-

able to require that .,/ (kﬁ_),7 , have the value of about a few
hundreds MeV [75]. For the case of m; = 300 &= 50 MeV,
we numerically obtain (k),, ~ (35115 MeV)?, which
is reasonable and in some sense indicates the inner con-
sistency of all the LCHO model parameters. Moreover, by
using the RGE, one can get the ¢2.y, (x, u) at any scale
W [55]. Figure 3 shows the LCDA ¢». n, at several typical
scales with m, = 300 MeV. At low scale, it shows dou-
ble humped behavior and when the scale p increases, the
shape of ¢. ng becomes narrower; and when u© — o0, it
will tends to single-peak asymptotic behavior for the light
mesons, ¢§‘]z (x, 1) p—soo = 6x(1 — x).

We make a comparison of the properties of the LCHO
model of the leading-twist LCDA ¢.,, with other theo-
retical predictions in Fig. 4. Figure 4 gives the results for
uw = uo = 1 GeV, where the asymptotic form [89], the
CZ form [90] and the behaviors given by the LCSR 2007
[9] and LCSR 2015 [10] are presented. For the LCSR 2007
result, its double peaked behavior is caused by the keeping
its Gegenbauer expansion only with the first term together
with the approximation a2 (/,LQ) = a2 : (o) = 0.25 [9].

For the LCDA used in LCSR 2015 [10], 1ts behavior is close
to our present one. It is obtained by using the approximation
that the leading-twist LCDA ¢,.;, has the same behavior as
that of the pion leading-twist LCDA ¢».-, e.g. ag; " (o) =
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Table 2 The parameters Az:p, . B2:p,. B2, Ba and the quark transverse momentum <ki)’7q by taking the constituent quark mass m, to be

(250, 300, 350) MeV, respectively

my(MeV) Agy, (GeV™h) B2y, (GeV) B> By (k7 ), (GeV)
250 39.909 0.589 0.100 0.073 0.121
300 40.606 0.564 0.155 0.108 0.123
350 42,921 0.549 0.219 0.149 0.126
L L A B L B 2.5 T————————————————————————
1.55 ) E g — Our prediction ---- LCSR 2007
777N 20] 7T Awmpotic ——LCSR2015 ]
] ] 1 7= CZFor SN
] \ /7 ‘\‘\ ~ ] 1 ! : orm
—_ ] 1N\ _7 '/' R , Y b i
:ﬂ? 1.0: ;/,_ == = \\{ ] g 1.5 1
>< - -
~ i = T
= i ~ i
s 1 $ 1.0
05 . ]
1 — m, = 300 MeV ] ]
—— m, =250 MeV ] 057
] -=- m, = 350 MeV 1 1
0.0 — T T T | T T T T [ v T T T [ T T T T [ T T T 7T 00-
0.0 0.2 0.4 0.6 0.8 1.0 0.0
X

Fig. 2 The LCHO model for the 5, leading-twist LCDA ¢»;,, at
the scale g = 1 GeV with the constituent quark mass m, =
(250, 300, 350) MeV, respectively
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Fig. 3 The LCHO model for the n, leading-twist LCDA ¢»., g (6 1)
at several typical scales with m, = 300 MeV

a3., (110) = 0.17 and a3, 5 (R0) = a3, (110) = 0.06, which

are consistent with our Gegenbauer moments within errors.?

2 Since the leading-twist parts dominant the TFFs, this consistency also
explains why our following LCSR predictions for the TFFs are close in
shape with those of Ref. [10].

Fig. 4 The n,; meson leading-twist LCDA ¢y, (x, (o). As a compar-
ison, the asymptotic and CZ forms [89,90] and the one derived using
the LCSR approach [9,10] are also presented

3.4 The TFFs and observable for the semileptonic decay
B(D)t — nVety,

One of the most important applications of the 7,-meson
LCDAs is the semileptonic decay Ht — 5’ ¢+v,, whose
main contribution in the QF scheme comes from the [n,)-
component. Here H™ stands for B or DV, respectively.
And to derive the required H + n(/ ) TFFs, we take the
mixing angle ¢ = (41.2J_r8:82)° [52].

The continuum threshold s(')q =" and Borel parameters
M? are two important parameters for the LCSR of the TFFs.
As usual choice of treating the heavy-to-light TFFs, we set
the continuum threshold as the one near the squared mass
of the first excited state of D or B-meson, accordingly. And
to fix the Borel window for the TFFs, we require the con-
tribution of the continuum states to be less than 30%. The
determined values agree with Refs. [10,91], and we will take
the following values to do our discussion

so " =7.0+05GeV2,  Mp_, =3.0+0.5GeV.

D71 =7.0405GeV?, M2, =3.0%0.5GeV.

D—n

so =370+ 1.0GeV?,  Mj_, =18.0+2.0GeV.

@ Springer
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Fig. 5 LCSR predictions on the TFFs ff_)" (¢?) with H = B* or Dt in the allowable g2 range, where the contributions from the twist-2,
twist-3, twist-4 LCDAs are given separately. The twist-2 terms are given up to NLO QCD corrections

B

&7 =37.041.0 GeV2, M}

3, =18.0£2.0GeV.

Using Eqgs. (1, 2) together with the LCSR (31) for the

Q)
TFF ff_m" (q%), we then get the results for ff%n (g%,
where H represents B or D, respectively. Figure 5 shows

how the total TFFs ff%"(/) (¢%) change with the increment
of g2, in which the twist-2 up to NLO QCD corrections,
the twist-3 and the twist-4 contributions have been pre-
sented separately. The non-local operator matrix elements
in LCSR can factorization into the universal hadron dis-
tribution amplitude, the latter term is suppressed by pow-
ers of the parameter 1/M? as compared with the previous
term after applying the Borel transformation, thereby sup-
pressing the contributions from higher-order twist. Figure 5
shows that the twist-2 terms dominant the TFFs. We also
find that the NLO QCD corrections to the twist-2 terms are
sizable and should be taken into consideration for a sound
prediction. For examples, at the large recoil point, the twist-
2 NLO terms give about 15.8% (17.6%) and 6.4% (7.2%)
contributions to the total TFFs ff_"’(/) (0) and ff_"’(/) 0),
respectively. Table 3 gives our present LCSR predictions for
the TFFs ff%nw (0) and ff%"(/) (0). As a comparison, we
have also presented the results derived from various theo-
retical approaches and experimental data in Table 3, includ-
ing the LCSR approach [9,10,92], the pQCD approach [93],
the covariant light front (CLF) approach [94], the light front
quark model (LFQM) approach [95], the covariant confining
quark mode (CCQM) approach [96], and the BES-III Col-
laboration [28]. The uncertainties of the TFFs ff_)"m 0)
caused by different input parameters are listed as follows,

B—
F270) = 0145000050 (0003 w2 000 ms £

+0.005y = ,+0.0001
(fo.oos)fm, Zo.0001)¢
= 0.1452500. (36)
B—1n' 0.003 0.002 0.006
7 (0) = 0.128(F01003)50 C0'002) 12 Co006) ms £

+0.005 +0.0002
(—o.oos)fnq (Zo.0001)¢

@ Springer

— 0'128-‘1-0.008

—0.009° (37

£770) = 0.329C0 000 (0009 w2 CO 00 me £
(+0.010

+0.0002
70.010)f77q (Z0.0003)9

— 0.329+0A021

—0.015° (38)

D ! . . .
£277(0) = 029400000 (o009 2 C001 Dime 1
(+0.009

+0.0002
—0.009)f77q (Z0.0003)9

— 0-2944‘0.021

—0.015" (39)

Here the second equations show the squared averages of the
errors from all the mentioned error sources. The errors are
mainly caused by f;, and mg fu, and error caused by the
mixing angle ¢ is quite small. As a common limitation of
phenomenological quark models, accurately quantifying the
theoretical uncertainty of predictions in LCSR is challenging.
The net errors of these parameters are about 10—20%.

The physically allowable ranges of the above four heavy-
to-light TFFs are m? < g% < (mp+ —my)? ~ 1.75 GeV?,
m? >~ 0 < g* < (mpr —my)? ~ 0.84 GeV?, m? <
g% < (mp+ —my)? ~ 2240 GeV? and m} < ¢*> <
(mp+ — m,i/)2 ~ 18.67 GeV?, respectively. For light lep-
tons, we have m% ~ 0. The LCSR approach is applica-
ble in low and intermediate q2 region, which however can
be extended to whole g2 region via proper extrapolation
approaches. In the present paper, we adopt the converging
simplified series expansion (SSE) proposed in Refs. [97,98]
to do the extrapolation, which suggest a simple parameteri-
zation for the heavy-to-light TFF, e.g.

H—y® 1

LY = T=am Xk:bkzk (1, t0) (40)

where m g+ = mpx = 5.325 GeV (mp+ = 2.010 GeV) [10]
are vector meson resonances, z(t, tp) is a function

Vit —t— ity — 1o
iy =1+t =1

z(t, to) = 41
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Table 3 Typical theoretical

B— -B—n'
predictions on the TFFs fr "(0) I+ "(0)
H—)n(’) .
+ O (;n the large recoil This work (LCSR) 0.145+0.909 0.12810.008
o? — . 4
pormta LCSR 2007 [9] 0.229 + 0.035 0.188 +0.028
LCSR 2015 [10] 0.1681001% 0.13070:039
pQCD [93] 0.147 0.121
CLF [94] 0.220 + 0.018 0.180 £ 0.016
LCSR 2013 [92] 0.238 + 0.046 0.198 + 0.039
£2770) e ()
This work (LCSR) 0.3297 0031 0.2947 0021
LCSR 2015 [10] 042970197 0.29270103
BES-1II 2020 [28] 0.39 4+ 0.04 + 0.01 -
LFQM [95] 0.39 0.32
CCQM [96] 0.36(5) 0.36(5)
LCSR 2013 [92] 0.552(51) 0.458(105)

[0
Table 4 Fitting parameters b; and b, for the TFFs ff_m (g%), where all input parameters are set to be their central values. A is the measure of

the quality of extrapolation

D D 4 B B—1n'
£ g v @ VD) @
by —0.033 —0.680 —0.392 —0.397
by 37.901 23.961 —0.108 —0.308
A 0.761% 0.026% 0.341% 0.062%

— SSE (@) — SSE (b)

——BZ / 0.6F —— Bz

— SSE (d)

14f — SSE (©

0.0 0.5 1.0 s 0.0 02 04 0.6 0.8
4*[GeV?] ¢*[GeV?]

"o 5 10 15 20 0 5 10 15
7'[GeV?] ¢[GeV?]

@
Fig. 6 The central value of the TFFs ffﬂ" (¢?) is obtained using different parameterizations throughout the entire g>-region

Here t1 = (my+ £ m,,(/))2 andtg = 11 (1 — /T —1_]t1)
is a free parameter. The free parameter by can be fixed by
requiring A < 1%, where the parameter A is used to measure
the quality of extrapolation and it is defined as

_ L E® - FO)

A x 100, 42)
D | Fi(@®)]

where ¢ € [0, %, o, %] x 13.0(1.0) GeV for the case of

n-meson, ¢t € [0, %, e, %] x 11.2(0.5) GeV for the case of

n’-meson. The two coefficients b; , with all input parameters
are set as their central values are listed in Table 4. The quali-
ties of extrapolation parameter A are less than ~ 0.8%. It is
noted that the fitting parameters b; and b, were obtained by

rigorous fitting LCSR data. In the decay of B-meson, the dif-
ference between by and b, is small, whereas in the decay of
D-meson, there exists a significant disparity between the two.

Except for the fact that the TFFs ff_)" (¢%) and ff_)", (q?)

. D—n"
are closer in shape than the case of f

other two reasons for this discrepancy, e.g.

)2
(g©), there are

(1) The whole physical region ¢ corresponding to them is
quite different. The larger interval can be fitted with two
similar parameters, whereas the smaller interval cannot
be fitted by two similar parameters.

(2) According to the SSE method employed, if two similar
parameters, namely b; ~ b, are utilized in the decay
process of D-meson, the curve fitted exhibits significant

@ Springer
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disparities compared to the outcomes derived from our
LCSR calculation. And the larger the disparity between
by and by within the same ¢ region, the greater the value
of A, resulting in a more pronounced steepness of the
fitted curve.

In addition to extrapolating with the SSE, there are other
fitting methods, which have also been suggested in the liter-
ature, e.g.

(1) Inearly studies of beauty and charm semileptonic decays,
the form of TFFs were commonly assumed to adhere to
the simple pole model (also referred to as nearest pole
dominance) [99].

H—>n(/)
(0)
@) = F———. 43)
1 —q%/m3.

H*)V)(/)

Ir

Here m gy and m g+ represent the B(D)-meson mass and
the corresponding vector meson resonance, respectively.
This model oversimplifies the actual dynamics, and the

0
two free parameters ( ff "7(0) and m g+) do not fit the
experimental data well when ¢2 range is large.
(2) Becirevic—Kaidalov (BK) parameterization [100]:

)
H—y" 2y A V) 44
+ @) (1—q2/m%,*)(1—aBKq2/m%,>'( )

where apk is a free parameter. This parameterization
of TFFs for heavy-to-light decay conforms to the heavy
quark scaling law and avoids the introduction of explicit
“dipole” forms, which has been used in the analyses of
systematically lattice data and experimental studies of
the semileptonic TFFs.

(3) Ball-Zwicky (BZ) parameterization, commonly referred
to as the double-pole parameterization [101].

7121 0)
T 1= alg?/m2) + g m2)?

(45)

(>
=17 (4?)
f+

This parameterization is valid in the entire kinemati-
cal range of semileptonic decays and is consistent with
vector-meson dominance at large momentum transfer.
Besides, the parameters o and B are rather sensitive to
the chosen range for ¢ in the actual calculation.

(4) The Boyd-Grinstein—Lebed (BGL) parametrization is
based on the dispersion relation to describe the heavy
mesons semileptonic decay form factors, independent of
heavy quark symmetry [102].

oo

£ g = Pm o Z [=(t, 1)1, (46)

=0

@ Springer

where P (t) is Blaschke factor that depends on the masses
of the sub-threshold resonances. The coefficients a; are
unknown constants constrained to obey Z,fio lax|? < 1.
The BGL parameterization is often referred to as the
series expansion (SE), whose starting point is to extend
the TFFs defined in the physical range (from ¢? = 0
to (myg —m 77('))2) to analytic functions throughout the
complex ¢t = ¢ plane. By selecting an appropriate nor-
malization function ¢ (¢), a simple dispersion bounds for
SE coefficients can be obtained [98].

All the aforementioned parameterization methods can be
utilized for the extrapolation of the TFFs, each with their
own advantages and disadvantages [103,104]. The central

value of the TFFs ff_”](/) (¢?) are obtained through various
parameterization methods is illustrated in Fig. 6. The TFFs
fi H—n' (¢%) obtained by different parameterization methods
exhibit consistency in across the entire ¢ region, but show
discrepancy in ff_)"(qz) at the larger ¢ region. Particu-
larly for ff_)" (¢%), the behaviors derived from the four fit-
ting methods differ significantly, while the trends of SSE and
SE are relatively similar. The simple pole model is deemed
overly simplistic, thus this portion of the graph is omitted.
Opting for SSE parameterization have a significant advan-
tage as it effectively translates the near-threshold behavior of
the TFFs into a constraining condition on the expansion coef-
ficient. The extrapolated TFFs in whole ¢>-region are given
in Fig. 7, where some typical theoretical and experimental
results are presented as a comparison, such as CCQM [96],
LFQM [95], LCSR 2015 [10], pQCD [93] and BESIII 2020
[28]. The solid lines in Fig. 7 denote the center values of
the LCSR predictions, where the shaded areas are theoreti-
cal uncertainties from all the mentioned error sources. The
thicker shaded bands represent the LCSR predictions, which
have been extrapolated to physically allowable g>-region.
Fig. 7 indicates that: (1) Our present LCSR prediction of

ffﬂn(qZ) is in good agreement with BESIII data [28]; (2)

Our present LCSR prediction of f_,l_)_)", (¢%) is consistent
with the LFQM prediction [95] and the LCSR 2015 [10]
predictions within errors; (3) Our present LCSR predictions

of ff*"(/) (qz) are close to the LCSR 2015 prediction [10],
and their values at g> = 0 are consistent with the pQCD
prediction [93] within errors. In Fig. 7, the upward trend for
the fP7"(¢?) TFF exhibits a significant difference in the
large g2 region with other theoretical results and experimen-
tal data, which there are two reasons for this difference, the
main reason is because we get a smaller ff_"](qz) TFF at
q2 = 0. In order to obtain a smooth fitting curve, there is
an overall upward trend in the large ¢2 region. And the sec-
ondary reason is the utilization of distinct methods for extrap-
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Fig. 8 Differential decay widthes for B(D)* — €% v in whole
q?-region, where the solid line is the central value and the shaded band
shows its uncertainty. As a comparison, the predictions using differ-

olation. The other theoretical groups in Fig. 7 employed the
double-pole fitting method to obtain the form factor across
the entire physical region, whereas we opted for the simpler
SSE approach.

Figure 8 presents the differential decay widthes for
B(D)t — nV¢ty, without CKM matrix elements. As
a comparison, the predictions using different theoretical
approaches and the experimental data, such as CCQM
[96], LFQM [95], LCSR [10] and BESIII collaboration
[27,28], are also presented. The differential decay width
dF/|Vcd|dq2(D+ — n€*tv,) agrees with the BESIII 2018
[27] and BESIII 2020 [28] within errors.

By matching the branching fractions and the decay life-
times given by the PDG with the decay widthes predicted
by Eq. (32), one may derive the CKM matrix elements |V, |
and |V.4|. We put our results in Table 5, where the errors
are caused by all the mentioned error sources and the PDG
errors for the branching fractions and the decay lifetimes.
Some typical measured values of |V,;| and |V,4| are also
given in Table 5. The predicted |V,4| is within the error
range of experimental result BESIII 2020. Using the fixed
CKM matrix elements, our final predictions of the branch-
ing function are: B(D — nev,) = (1.11 £ 0.07) x 1073,
B(D — nuv,) = (1.04£0.11) x 1073, B(D — nev,) =

o
s

°
Y

. .
10 15
¢[GeV?)

10 15 20
¢’[GeV?)

°
°
“w

ent theoretical approaches and the experimental data, such as CCQM
[96], LFQM [95], LCSR [10] and BESIII collaboration [27,28], are also
presented

2.0+ 0.4) x 1074, B(B — ntvy) = (3.9+0.5) x 1072,
B(B — ntv) = (2.3 £0.8) x 107>, respectively.

4 Summary

In this paper, we have suggested the LCHO model (17) for the
ng-meson leading-twist LCDA ¢, , . (x, i), whose moments
have been calculated by using the QCD sum rules based
on the QCD background field. To compare with the con-
ventional Gegenbauer expansion for the LCDA, the LCHO
model usually has better end-point behavior due to the BHL-
prescription, which will be helpful to suppress the end-point
singularity for the heavy-to-light meson decays. The QCD
sum rules for the Og,-order moment has been used to fix the
nq decay constant, and we obtain f; g = 0.141 £0.005 GeV,
whichis slightly larger than the conventional value of the pion
decay constant f; ~ 0.130 GeV [24]. As an explicit appli-
cation of ¢y, . We have calculated the TFFs B(D)* — n(’)
under the QF scheme for the n — n’ mixing and by using
the QCD light-cone sum rules up to twist-4 accuracy and by
including the next-to-leading order QCD corrections to the
dominant leading-twist part. Our LCSR prediction of TFFs
are consistent with most of theoretical predictions and the
recent BESIII data within errors. By applying those TFFs,
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Table 5 CKM matrix elements

|Vea| and |V,up| are obtained by Mode Channels | Veal
b e
processes This work Dt = putvy, 0.22870017
This work Dt = ety 0.25379:028
BESIII 2020 [28] DT — nutu, 0.242 +0.028 + 0.033
BESIII 2013 [16] DT = uty, 0.221 + 0.006 =+ 0.005
BaBar 2014 [17] DY — x=etv, 0.206 = 0.007 & 0.009
CLEO 2009 [18] D — wetv, 0.234 4+ 0.009 + 0.025
HFLAV [19] D — 7l 0.225 4 0.003 =+ 0.006
LQCD 2019 [20] D — wly 0.233 +0.137
PDG [24] D — 7l 0.233 4+ 0.003 £ 0.013
Channels [Vip| x 1073
This work BT — ntty, 3,752Jjg:gg?
This work BT — y/tty 3.88810.988
CLEO 2007 [15] B — n— ¢ty 3.60+0.4402
HFLAV [19] B — mlyy 3.70 £0.10 £ 0.12
BaBar 2011 [21] B — X,P 433+0.24+0.15
Belle [22] B — X, tv 4.09 £0.39 £0.18
PDG [24] B — 7l 3.82+£0.20
PDG [24] B — XD 4.13+0.124+0.18
LQCD 2015 [105] B — wlv 3.72+£0.16

we get the decay widths of B(D)™ — €T v,. The magni-
tudes of the CKM matrix elements | V| and | V4| have also
been discussed by inversely using the PDG values for the
branching fractions and the decay lifetimes. The future more
precise data at the high luminosity Belle II experiment [106]
and super tau-charm factory [107] shall be helpful to test all
those results.
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