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Abstract: In this study, we continue an investigation of the semileptonic decays Bs; — D’{v,. First, we derive the
moments of the D;-meson longitudinal leading-twist light-cone distribution amplitude (LCDA) based on QCD sum
rules within the background field theory framework. Considering the contributions of the vacuum condensates up to
dimension-six, its first ten non-zero £-moments at the initial scale ug=1.3GeV are <§2’;});>I,40 =-0.302+0938
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<§§;L°§ Mo = +0.02570:9% We also construct the D;-meson longitudinal leading-twist LCDA by using the light-cone

harmonic oscillator model. Then, using the above moments, we fix the model parameters a».p: and BT;D’ using the
least squares method and apply them to calculate By — Dy transition form factors A1(g%),A2(¢%) and V(g?) that are
derived using the QCD light-cone sum rules. In the large recoil region, we obtain
A1(0) = 0.632’:8%2,A2(0) = 0.706f8:(1)83, and V(0) = 0,647f8:828. These form factors are then extrapolated to the al-
lowed whole physical ¢2-region through the simplified series expansion. Finally, we obtain the branching fractions
for the two decay channels of By — D%fv,, B(B) — D" e ¥,) = (5.45f%5)x 1072 and B(B? - Ditu~v,) =
(5.43f%;§‘7‘)x 1072. In addition, we present the CKM matrix element |V, by matching the LHCb Collaboration
branching fraction, yielding a value of |V | = (40.1 lf%g) x 1073,
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I. INTRODUCTION

B-meson semileptonic decay is a very important tool
for studying the weak interaction. It has great phenomen-
ological implications within the Standard Model (SM) of
particle physics.B, — D:{y, decay provides an opportun-
ity for extracting CKM matrix elements and testing the
SM [1—4]. Recently, the study of B; — Di{v has attrac-
ted significant interest, driven by advancements in experi-
mental capabilities and theoretical developments. Many
experiments have provided increasingly precise data of
these decays, which allow the extraction of the CKM
matrix element to an increasingly better accuracy. In ad-
dition, many theoretical groups have shown great interest
in exploring the decay channel.
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In 2020, the LHCb Collaboration [5, 6] published an
article on the experimental measurement of B, — D{(¥,
decay. They used the experimental data samples collec-
ted by the LHCb detector at center-of-mass energies of 7
and 8 TeV and conducted systematic studies on the two
decay channels B — D;u*v, and B?— D:u'v, using
Caprini-Lellouch-Neubert (CLN) and Boyd-Grinstein-
Lebed (BGL) parameterizations. The final measured val-
ues of |V,,|obtained under the two parameterizations were
(41.4+0.6+09+12)x103% and (42.3+0.8+0.9+1.2)x
1073, respectively. In Ref. [7], the lattice QCD and
HPQCD Collaboration worked together to determine the
model independent value of V., =39.03(56)exp (67 )1 X
1073 using the B— D*(v, data from Belle and the
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B, — Diuv, data from LHCb, as well as their own trans-
ition form factors (TFFs). The TFFs and decay width be-
haviors for the B, — D¢y, process were also given in that
article.

Theoretically, there are many methods for making
reasonable predictions of B, — Dy, decay, such as lat-
tice QCD (LQCD) [8—12], soft-collinear effective theory
(SCET) [13], covariant confined quark model (CCQM)
[14], QCD sum rules (QCDSR) [15], relativistic quark
model (RQM) [16], perturbative QCD (pQCD) [17, 18],
light-front quark model (LFQM) [19], and Bethe-Sal-
peter method [20]; here, we provides a brief introduction
to the above methods. In Ref. [9], the SM semileptonic
vector and axial-vector form factors for B, — D% decay
are calculated via the LQCD. The relevant calculation
methods, the dependence on the heavy quark mass, de-
cay rates and ratios are analysed. Meanwhile, the consist-
ency with LHCb results and the tests on the impact of
new physics couplings are also discussed. They give a
reasonable reference to study the semileptonic decay of
B; — D:¢y,. In Ref. [13], the authors utilized the power-
counting scheme for the first time to calculate the next-to-
leadingordeNLO)QCDcorrectionstotheformfactorsofB ,, —
DEXM transitions in the large recoil region. Within the
framework of SCET, they also improved the light-cone
sum rules for these form factors and conducted a com-
bined fit for the considered form factors. This signific-
antly refined the previous measurements of the lepton fla-
vor universality ratios. In Ref. [14], the author relied on
the SM framework based on the CCQM to calculate TFFs
within the entire dynamical category of squared mo-
mentum transfer for semileptonic decays. The obtained
results, such as decay width ratios, show a degree of con-
sistency with LHCb experiments and LQCD simulations,
and the behaviors of differential decay distributions were
compared. Other physical observations were also calcu-
lated. Through calculation, R(D;)=0.271+0.069,
R(D?) =0.240 +0.038 were obtained, and the ratio of de-
cay widths of the D, and D! channels in the muon meson
mode [(B, — Dyu*v,)/T(B, — D'u*v,) = 0.451 £0.093 was
determined. In Ref. [15], the phenomenology of the b-
flavored strange meson BY was studied through the QCD-
SR. Specifically, this included the evaluation of the
particle's mass and leptonic constant, as well as the study
of the form factors of certain decays (such as B’ —
D v, B —» D"y, BY - K**{"7); at the same time, the
two-body non-leptonic B® decays were calculated under
the factorization approximation. Finally, the evaluation
result of the SU(3) breaking effect in the B° channel was
compared with other estimates.

Also, as a well-established theory that can be effect-
ively applied to the exclusive decay process, the QCD
light-cone sum rule (LCSR) [21, 22] incorporates both
the hard and soft contributions in the computation of had-

ron transitions. In the LCSR method, the two-point cor-
relation function of vacuum to meson is constructed for
calculating heavy-to-light TFFs, where the matrix ele-
ments of nonlocal operators are considered in the light-
cone region x? — 0. The difference between this method
and traditional SVZ sum rule [23] is that all non-perturb-
ative dynamics are parameterized according to the light-
cone distribution amplitudes (LCDAs) with progress-
ively higher twists instead of quark and gluon condens-
ates [24]. Currently, the LCSR has been widely applied to
the study of B to light-flavor meson decays [25—30]. In
this work, we adopt LCSR to calculate the B, — D} TFFs.
Specifically, due to the presence of both longitudinal (||)
and transverse (L) polarization states in vector mesons,
employing traditional currents to construct correlation
functions poses a challenge involving fifteen LCDAs.
Therefore, to simplify the calculation process, we adopt
chiral currents instead of traditional currents, allowing the
contributions of twist-2 LCDA to dominate and eliminat-
ing contributions from other LCDAs. The specific pro-
cedure will be elaborated in the next section. Therefore,
an accurate prediction of the twist-2 ¢Q;D; (x,10) is of great
importance. In recent relevant studies, breakthrough pro-
gress has been achieved in theoretical calculations of
heavy meson distribution amplitudes. For instance, in
Refs. [31-33], heavy meson distribution amplitudes were
determined based on the Large Momentum Effective
Theory and by utilizing the LQCD method. Furthermore,
the amplitudes of D’-mesons were studied in these art-
icles [34, 35], indicating that the research on D!-meson
amplitudes has attracted considerable attention. Cur-
rently, the LCDA of many mesons depends on the Ge-
genbauer moment, which can be calculated using QCD
sum rules. As a mature theoretical method, the back-
ground field theory (BFT) decomposes the quark field in-
to a classical background field that describes non-perturb-
ative effects and a quantum field that describes perturbat-
ive effects. This can provide a clean physical picture for
separating the perturbative and non-perturbative proper-
ties of the QCD theory and provide a systematic way to
derive the QCDSR for hadron phenomenology. Mean-
while, due to the ability to adopt different gauges for
quantum fluctuations and the background field in BFT,
the calculations can be greatly simplified. In our previ-
ous work, the longitudinal twist-2 LCDA of p-meson was
successfully studied in BFT and constructed by the light
cone harmonic oscillator (LCHO) model [36]. Motivated
by this, in this work, we employ the BFT method to study
the twist-2 LCDA of the D}-meson and attempt to integ-
rate the phenomenological LCHO model to provide an-
other perspective to understand the momentum distribu-
tion of quarks and gluons inside D*-mesons.

The remainder of this article is organized as follows.
In Sec. II, we derive the summation rules for the &-mo-
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ments of the Di-meson longitudinal leading-twist
#.p: (x.11) LCDAs and B, — D' TFFs A,(¢?), Ax(¢?), and
V(g*), as well as establish the LCHO for the D?-meson
leading-twist LCDAs. In Sec. 111, we provide relevant nu-
merical results and a detailed discussion. Section IV sum-
marizes the article.

II. THEORETICAL FRAMEWORK

The differential decay width of semileptonic decays
B; — D¢y, can be written in terms of the helicity com-
ponents basis [37—39]:

dI(B; — D) G:V,[*A' % g m?
- = - 5 Wmmh (1)
dg? 1927 m3,

where the Fermi coupling constant Gy = 1.1663787(6)x
10° GeV2, |V, is the CKM matrix element, A=
/l(m%?x?mfnl): q7) =my, +m§)§ +q' - z(m%;m%)j +my g + m%);qz)
is the phase-space factor, m, is the Ilepton mass
(€ =e,u,7), and Hy represents the overall helicity struc-
ture:

How= o +#1) (1425 )+ 0. )

The symbols H;(I = U,L,S )are the bilinear combinations
of the helicity components of the hadronic tensor. In this
study, the leptonic mass m, is very small in case of
{ = (e,u) when compared with the squared transition mo-
mentum ¢?, which can be safely neglected. Thus, only
two helicity structures remain, i.e., Hy and H;, which
have the following formulas:

Hy = H.P+|H-*, H,=H (3)
The helicity amplitudes H; with index i = (+,0,7) are de-
noted as functions of invariant mass ¢*, which are formed
from the B, — D} TFFs with different combinations:

172
— V(& ,
mpg. +mp+ @)

s Dy

H.(q%) = (mp, +mp)A(¢*) F

1
Ho(q*) = ET— {(mB +mp; )iy, —mip, —q°)
D

mp +m

s

A
XAl(f]z) - 71)*142((12) s 4)

As we know, the three B, — D TFFs A(¢%), Ax(q?),
and V(g?) are the important hadronic inputs for studying
the relevant implications of semileptonic decays B, —
D:ty,;. Therefore, to derive their analytic expressions
within the LCSR approach, we construct the following

chiral current correlation function (correlator):
IL(p.q) =i/d4xeiq'x(D§(P)|T{Jy(x),JLA(O)HO), (5)

where J,(x) = &(x)y,(1-ys)b(x) and T (0) = b(0)i(1-
vs5)s(0) represent the left-handed current. As the D:-
meson DAs are relatively complex structures, there are
both chiral-even and chiral-odd DAs for theD:-meson,
which has longitudinal and transverse polarization states.
The adopted left-handed current can effectively highlight
the contributions from the chiral-even DAs such as
G (), G (), Wi (rapr), Prips (rapt), B (0,
B (x.p), and Yhp:(x.4), while the chiral-odd DAs
provide zero contributions. For the remaining chiral-even
DAs, only ¢Q;D;,¢§;D;(X,#), and 3. (x,u) account for
dominant contributions to the LCSR, ‘while other chiral-
even DAs offer negligible contributions. Moreover, the
twist-3 DAs ¢35, (x,p) and y3,p.(x,p) can be related to
¢Y.p: (x.12) under the Wandzura-Wilczek (WW) approxim-
ation [40, 41]:

. A1) )
¢3¢;,l\)xgw o) = {/ ¢ v, [ / ¢ (V M

| V1) e (0,10
U (o) = U P01 /¢ oE

- (6

Therefore, the longitudinal leading-twist ¢g;D;(X,,U) may
provide a dominant contribution, either directly or indir-
ectly.

The correlation function (5) is defined at both the
time-like and space-like ¢*-regions. According to the ba-
sic steps of LCSR, the correlation function can first be
treated in the timelike ¢2-region by inserting a complete
set of intermediate hadronic states with the same quantum
numbers as the current operator c¢i(1 +vys)s. By separating
the pole term of the lowest B,-meson, the hadronic rep-
resentation can be obtained as

(D;(p, DIy, (1 —ys)bIB,){Bilbiyss|0)

06 =
u(P-0) my —(p+q)?
N Z (D(p, ey, (1 —ys)b|BEYBYbi(1 - y5)s]0)
T mi}];[ —-(p+q?

(N

Among them, (Bi|biyss|0) = mj,_fp, /m,, where f5 rep-
resents the decay constant of the B, meson. Moreover,
the B; — D! transition matrix elements have the follow-
ing expressions:
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(Di(p, DI5y,(1 =ys)bIB(p +q))

= —ie;"(mp, +mp)A1(q")

eW.g
————Ax¢)
mp, +mp:

B

+i(2p +q)u

2mp
+igu(e ™ -q) ’ZZD [As(g) — Ao(gD)]

2V(g*)

_ e,uvaﬁe*(/l) .
v 4aPp mpg, + mp:

®)

Then, by substituting Eq. (8) into Eq. (7), the invariant
amplitudes can be written as

szSf By

Mg (p+9)°] =
1 m, my —(p+q

B O)

with i=(1,2,3). The reduced function Aig?) take the
forms  Ai(g}) = (mp, +mp)AIG),  Ay(g?) = —AxgD)/
(mp, +mp:), and A;(¢*) = -2iV(¢*)/(mg, + mp;). Under the
general dispersion relation in the momentum squared
(p+¢q)* of the B;-meson [42], we can get

o o
g gt = [ 2000 o)

min §= (p + Q)z
with t, = (m, +m,)?. The spectral density is given by

o(s— mB) BfB

pilq*,s) = AP+ 5). (11)

The contributions from the high resonances and con-
tinuum states is replaced by p!(¢%,s), which can be ap-
proximated by quark-hadron duality in the QCD sum rule
applications [23]:

PG ) = ImHQCD<q $)0(s = s0), (12)

where ImIT2® can be obtained by calculating the correla-
tion function via QCD theory in the spacelike region. In
this region, the correlation function can be treated by per-
forming OPE near the light-cone x* ~» 0, where the s, is
the threshold parameter. After applying the Borel trans-
formation to suppress contributions from the higher ex-
cited states and continuum states, Eq. (10) can be further
written as

Bf\_

I;[q*, M*] = / pilq?, s)e” e ds = W A
1,

‘min

1 / mII%P (4, s)e 2 ds, (13)
/4

S0

Meanwhile, the invariant amplitude in QCD can be writ-
ten using the same concept:

) I 2
n,«[qz,M21=; / MM (2, )™M ds,  (14)

Imin

Finally, equating the results of correlation functions in
different regions, the resultant TFFs under the LCSR can
be obtained:

ZmZszf”x 1 dl/t ] )
Al = b D: — {/ QU —stwm
fom%}S(mB;"‘ij)e Bs o U
L " ¢ I
X | O(c(u, 50))¢3.p: () = e O(c(u, 50))Cpy: ()
o]
—mi, / Da / dve M o3 X 50)
x [0l @)+ 8L @) |
(15)
memp: (mg, +mp: )fD, du |
Axlg’) = = - M2 = {2/ Y(M)/Mz{ 2
fo,mp e " o U uM
2
X O (e, 50)) Ap; () + ~ 2 @(c(u s)Ch ()
2 2
S St sl |+, [ Do [av
—s(X)/M? |
x & i O )@@+ By @1
(16)
m2mp: (mg, +mp)fh, [ |
V(qz) — b — /MZ Dy duef‘v(”)/Mzﬁ
2fpmp e 0 w>M
X O(c(u, )3 p: (u0). (17)

The three simplified D:-meson LCDAs Al (u), B}, (u),
and C}. () are represented as follows:

A= [ av[dh0-010]. (18)
0
B, (u) = / ” dvesy p, (), (19)
= | vl

Ch () = / u dv / v dw {'/’Ux; D (W) + e (W)
0 0
- 2¢)§‘;D§ (V)} . (20)

Furthermore, s(0) = [m; — (¢ —me)g)]/Q with = (1-p)
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and o refers to u or X = (a; +va3). fg; is the D:-meson
decay constant. The usual step function ®(c(o, so)), where
c(0, 80) = uso—mj, + iq” — uiimj,., is defined such that if
c(0,50) <0, it is zero; otherwise, it is 1. ®(c(u,so)) and
O(c(u, so)) are defined as

1
du ~
/ me_s(mmz O(c(u, 50)) f(u)
0
M2

1
= / uziefs(u)/sz(u) + 5((‘(”0, SO))’ (2 1)

1
du 2 =
/0 We"(“)w O(c(u, 50)) f (1)

1 du 2
_ &M (1) + A(cto, 50)). @2)
/M o 2ud M*

where §(c(u, 50)) = €™ f(uy)/Co, with Co = m3 +udm, —
¢* and
u:uo:| '

(23)

I f(uo>_ng(@>

A , — —AYO/MZ{
(cu, 50)) =€ 2uM> Co  2Codu\ uC

At this stage, we focus on the longitudinal leading-
twist DAs of the D:-meson. According to our previous
studies [43—45], which provided a technique for con-
structing the LCHO model of the vector mesons's wave-
funtion (WF) based on the Brodsky-Huang-Lepage
(BHL) [46, 47], one can obtain

Wl (k) = Y s (e k)W (x.k,)
A1y

m
2 2
k3 +m

Az;oj $2.p: (x)

2 2
1 (ki +m:
BZ
2;D5

K2 + 2
Xexp{— e lxms)}, (24)

where equivalent mass m = fi.x + (1 —x) with A, and
mgrefers to the constituent quark masses, 1, are the
helicities of two constituent quarks, and we take
m.=15GeV, m;=0.5GeV. A,p: is the normalization
constant, S,.p: govens the transverse distribution, and
@1p:(0) =1+ B77°C}?(2x~1) governs the longitudinal
distribution. By considering the relation between the
leading-twist DA and its WF,

26 d’k
B (X 10) = —— S
Dy

wl(xky), (25)
kg 160 2T

one can derive the leading-twist DA ¢!;D; (x,u0) after in-
tegrating the transverse momentum Kk, :

\/BAD§ﬂ§;D:‘

2 £l
L

ex {_xﬁﬁ, +(1 —x)mf}
Pl 882, x(1-)

B (Xapto) = (1= )@,y (%, 1)

x {1 —exp{—%m’fm”, (26)

where o ~ Aqcp represents the factorization scale. Addi-
tionally, the model parameters A.p:,B,.p:, and B can
be appropriately determined by relative constraints, such
as the ¢Q;D; (x,40) normalization condition, Fock-state ex-
pansion of the D:-meson, and Gegenbauer moments of
s (x.110) [43-45].

Meanwhile, considering the definitions of the leading-
twist DA ¢35 (x.0),

01e@) £s(=2)IDQ)) =i(z- @) fy

1
X / dxe @ VDGl o), (27)
0
and

1
(= / dx(2x—1Y¢l (6,10, (28)
0

1
@ = [ oy = 1. @)
0

one can consider the following two-point correction func-
tion to derive the nth-order &-moments of the D}-meson:

95z, q) =1 / d* X HOIT{J,(x) 3 (0)}]0)

= @)Ly (). (30)

The currents Ju.(x) =¢(x)£@z- <5))"S()C) and J;(0) =
5(0) 7c(0) can be derived from Eq. (27) by expanding the
its Lh.s. around z ~» 0 and expanding the exponential on
the r.h.s. of Eq. (27) into a power series. Subsequently,
according to the method of BFTSR [48], one can get an
analytical expression of the D*-meson longitudinal lead-
ing-twist DA moments <§§;’}); M

.
VDA

So R
/ dse™™ Im e (s)

Imin

n M%" m? 1
Eholu = {

fy, M
+ Larligg) (=g + Ly Ligry(=q7)
+ Lailigogy (=) + Lol g2 (=)

+ Ll (D)} 31)
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The perturbative and condensate terms with Borel trans-

I e () = m { {2(n+ 1)’"7z <1 - m{) + 1} (1 -
Luliso(—¢7) = (=1)" exp (—A”Z) m;f;”,

(a,G?) 1

Lyl (—q*) = W 12x

{2 (n-1DHn-2,1,1)+H(n,0,0)—

formation have the following forms

m{(g;50TGs) (_ 8n+1

Lulsos(=47) = (- 1)"GXP< M2 > Mo 18

m? > (gs55)* 2(2n+ 1)
M©® 81

o Lo (5) -

LM1<35>2( q ) =(- 1)"exp<

Ll (—¢*) =

1 17
+ 7%(”v373’1700)_7g1(n75)_

+—{2046"0+2049(n—1)( D+ (- 1)”(100n

288

7
7?1(”’5’372900) +

Egz(n,5)<1—1mg)

o
L (32)
33)

iﬂ(n, 1, —2)} , (34)
~5i1e): e
(36)

n 1
mﬁ(n— 1,5,3,1,00) — %Tz(n,4,3,1,oo)
335 ) * TG = 1.9 = 3G d)+ T2 Ga(n.3)
2 M2 ( ])n
> [1n#2+w(3)} 288 ( )}

{288 [ 4(n+Dn(m—-DH(n-2,1, DH+4n+DHH(#,0,0)-2nHnm-1,1,-1)-3H{1,0,—1) =51H((n, 1,—2)}

1 2

288 M2
x H(n, 1,—4)}}.

The definitions of the hypergeometric function
7"1,2(”» a, b’ lmin’ lmax)s g1,2,3 (n9 a)’ 7—{(”’ a, b)a and traditional

. q2 +m?
Borel transformation formulas Ly v —,
, (=¢ (+m)) H
. ¢ +m
L2 +min "L and Ly < can be

2o (=2 +m)*T
found in our previous papers [49—51]. Here, we follow
the notations for expressions from our previous paper
[51], with the difference being the light-quark and strange
quark.

III. NUMERICAL ANALYSIS

For the subsequent numerical calculations, we adopt
the following parameters: the Dj-meson mass is
mp: =2.1122 +0.0004 GeV, c-quark mass is 77.(im.) = 1.28+
0.03 GeV, s-quark mass is m,(2 GeV) = 0.093415:9%¢ GeV,
and decay constant of the D:-meson is fp; = f[”r; =
0.279+0.019 GeV [52]. Sometimes, when we need to

[—dn(n— 1YH(n—2,1,0)2H(n,0,~2) +4H(n,0,~1) ~2H(n— 1,1,-2) ~3H(n.1,-3)] + — "¢

4

240 M4

(37

[
evolve parameters to any other scale, we must employ
renormalization group equations (RGEs), and among
them, certain inputs correspond to specific RGEs [53,
54].

o = e | S|
() = iy 2GeV) {#ggvj " (38)

Following the usual convention, we set the scale near
the Borel parameter i.e.,, =M. For the continuous
threshold S, , We requlre a reasonable Borel window in
Eq. (31) to normalize (€5 >|uo = lsuch that the value of
the continuum threshold is so° = 6.8 GeV?,

After obtaining these input parameters, we can calcu-
late the value of the &-moment by substituting them into

093104-6



Probing D, -meson longitudinal twist-2 LCDA

Chin. Phys. C 49, 093104 (2025)

the sum rule (31). Here, we calculate the values of the
first ten orders of the &-moments. To get a stable and ap-
propriate Borel window for the LCDA moments, we can
use the usual criterion that the contributions from con-
tinuum states do not exceed 10%, 20%, 25%, 35%, and
40% for the odd-orders of n=(1,3,5,7,9), respectively.
Then, we can get the upper limits of the corresponding
Borel windows. For the lower limits of the Borel window,
we consider the contribution from dimension-six con-
densates lower than 5%. The same conditions are also
used in the even-order moments. Finally, we present the
D:-meson longitudinal leading-twist LCDA moments
with n=(2,4,6,8,10) and n = (1,3,5,7,9) versus the Borel
parameter M? in Fig. 1(a) and Fig. 1(b), respectively,
where the shaded bands represent the Borel windows.
Numerical results for the first ten order moments of D:-
meson twist-2 LCDAs at initial scale uo=1.3 GeV and
typical process scale w;, = 3.0 GeV are given in Table 1.
Here, the rationale for selecting the initial scale
to = 1.3 GeV lies in the fact that, within the QCD theoret-
ical framework for defining heavy meson distribution
amplitudes, the heavy quark mass is regarded as an in-
frared scale. For the D:-meson, our initial scale must ex-
ceed the charm quark mass 7. = 1.28 £0.03 GeV; hence,

0.5 1~ 5
no - (R
04dn - (EVE My e (€YD
b\ _———— <E§;§;>Iu Borel Window
=
=g
w
M2[GeV?]
0.2 o
— oM - D
e €0 o GERI
. (E!;Z;)lu Borel Window
-0.01
=
= -0.11
W
M?[GeV?]
Fig. 1.  (color online) Dj-meson twist-2 LCDA moments

<§21’},;>|# with (n=1,---,10) versus the Borel parameter M2.
Here, we only present the central values to show the curves of
different moments clearly.

we set the initial scale as py = 1.3 GeV.

Then, using the least squares method to fit the values
of the &moments in Table 1 with the LCHO model
shown in Eq. (26), the behavior of the D:-meson longit-
udinal twist-2 LCDA ¢!;D§ (x,u) can be determined.
Through the fitting method detailed in Refs. [55, 56], we
determined the model parameters and corresponding
goodness of fit. That is, by the magnitude of the probabil-

ity Pz, =/ fOinody with the probability density

na/2-1-y/2

function of x?(6), f(y;na) = WY ,
can intuitively judge the goodness of fit. Here, n, repres-
ents the number of degrees of freedom. The optimal val-
ues of model parameters o;,p;, B?D:, and f,,: at scale
i = 3.0 GeV and their goodness of fit are as follows:

one

Agpr (1) = 9.421 GeV™!;

@2,p: (1) = —0.860;

B () = 0.025;

Bop: (i) = 0.774 GeV;

Xomin(H1i) = 2.463;

Pe (1) = 92.98%. (39)

Subsequently, using the model parameters, we determ-
ined the behavior of the leading-twist longitudinal LCDA

Q;D; (x,) of the D*-meson, as shown in Fig. 2. In the fig-
ure, we display the evolution of the leading-twist LCDA
¢h.p:(x.40) of the D:-meson at different energy scales
©=(3,10,30,100) GeV, including the asymptotic form.
As the energy scale increases, the peak position of

Q;D; (x,u) gradually shifts towards x = 0.5, and the sym-

Table 1.
inal twist-2 distribution amplitude ¢>2; p:(p) at the scale
1o = 1.3 GeV and g = 3.0 GeV.

First tenth-order ¢-moments of D%-meson longitud-

po =13 GeV pk =3.0 GeV
€ 03022083 0258343
Gt +0229°00% +0.179°803
€l 0121443 010401
€5l +0.10155017 +0.083:6 015
G ~0.066530% ~0.0575303
€l +0.053700% +0.045°3008
€l ~0.0417568 ~0.0357000%
(€5l +0.037130%¢ +0.031730%%
& ~0.026%6%; ~0.023745%
[I;10

€l +0.025°4004 +0.0227308¢
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1.5 JESGAETERE RN
3
X 1.04 S
r ,
Q /0 N
=& / \
< . :
- — u=3GeV e
0.54 [ ---- p=10GeV
| 2 =30 GeV X
] : M =100 GeV Wy
F/ S SRR Asymptotic form \\\ 3
0.0 : ‘ ; : :
0.0 0.2 0.4 0.6 0.8 1.0
X
Fig. 2.  (color online) Leading-twist light-cone distribution

amplitude ¢Q;D§(x,/1) of the Di-meson at different energy
scales, incorporating the graphical description of the asymp-
totic form.

metry of the distribution improves; thus, it can be ob-
served that, as u — oo, the distribution shape of ¢!;D;(x,u)
gradually converges to the asymptotic form.

Based on the resultant D?-meson longitudinal lead-
ing-twist DA, we can then calculate the B, — D* TFFs
A(g?), Ax(g?), and V(g*). The basic input parameters
were mentioned at the beginning of this section. There-
fore, the main task is to determine the continuum
threshold parameter s, and Borel window M?. Based on
the basic idea and process of LCSR, we adopt the follow-
ing four guidelines:

e the continuum contributions are less than 30% of
the total results;

e the contributions from higher-twist DAs are less
than 5%;

e within the Borel window, the changes of TFFs do
not exceed 10%; and

. Dy
e the continuum threshold s,° should be closer to the
squared mass of the first excited state D*-meson.

Based on the above criteria, we determined the val-
ues of the continuum threshold S;° and Borel window
M?. According to the standard LCSR process, we calcu-
late the final results of the TFFs and present them in Ta-
ble 2. For comparison, we also give the results predicted
by other theoretical groups CCQM [14], QCDSR [15],
RQM [16], PQCD [18], and LFQM [19]. By comparison,
we can see that our predicted results are in good agree-
ment with those predicted by these theoretical groups
within the error range.

To access the information of B; — D¢y, TFFs in the
whole kinematic region, we must extrapolate the LCSR
predictions obtained above towards large momentum

Table 2.
A2(0), and V(0), with uncertainties. Comparisons with theoret-

B; — D% TFFs in large recoil region, ie., A;(0),

ical groups are also given.

V(0) A1(0) A2(0)
This work 0.647+5076 0.632+9228 0.7060:0%
CCQM [14] 0.743 +0.030 0.681 +0.065 0.630+0.025
SR [15] 0.63+0.05 0.62+0.10 0.75+0.07
RQM[16] 0.95+0.02 0.70+0.01 0.75+0.02
PQCD [18] 0.64+£0.12 0.50+0.09 0.53+0.11
LFQM [19] 0.74*09 0.615004 0.590:%

transfer with a certain parametrization for the TFFs. The
physically allowable ranges for the TFFs are 0<¢® <
Gy = (mp, —mp:)* ~ 10.6 GeV>. Theoretically, the LCSR
approach for B; — D¢y, TFFs is in low and intermediate
¢*-regions, i.e., 0<qg*><5GeV? of D:-meson. One can
extrapolate it to whole ¢?-regions by rapidly z(¢?,f) con-
verging the simplified series expansion (SSE), i.e., the
TFFs are expanded as [57, 58]

) =1— ) B n) (40)

1
2
1-¢ /me k=0,1,2

where g, are real coefficients and z(¢?,1) is the function

M) = YZ LNl @1)
’ Vi -+ G -1

with 1, = (mp, £mp: > and the auxiliary parameter
to=1t.(1—+1—¢_/t,). The SSE method possesses superi-
or merit, which keeps the analytical structure correct in
the complex plane and ensures the appropriate scaling,
fi(@» ~ 1/q?, at large ¢*. The quality of fit A is devoted
to capturing the resultant extrapolation, which is defined
as

_ 2 F) - FRo)
A S IF0) % 100. (42)
After extrapolation for the TFFs A,(¢?), Asx(¢?), and
V(g?) to the physical g*-region, the behaviors of the
B, — D¢y, TFFs in the whole physical region can be ob-
tained. These behaviors are shown in Fig. 3. For compar-
ison, we also present the results predicted by other theor-
etical groups for the TFFs in detail.

e In Fig. 3, the lighter band represents the LCSR res-
ults of our prediction, while the darker band represents

the SSE predictions.

e In the figure, the solid blue line represents this
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work. The red, green, and yellow dotted lines represent
the results predicted by the RQM [16], CCQM [59], and
Bethe-Salpeter (BS) [20] methods, respectively;

e To see the behavior of TFFs A,(¢4%), Asx(¢*), and
V(g*) more directly, as a comparison, we also show the
predictions of theoretical groups such as RQM, CCQM,
and BS. In comparison, our results are found to be con-
sistent within the appropriate margin of error.

15

——— This Work (@)

A1(g?)

0.0

0 2 4 6 8 10

q*[GeV?]
2.5
——— This Work (b)
————— RQM
2.0{ ---- BS
-~ - - ccqMm

A2(g?)

0.0 .

0 2 4 6 8 10
q*[GeV?]

4
——— This Work (c)
————— RQM
---- BS

31 ---- CccaMm

g°[GeV?]

Fig. 3. (color online) Extrapolated TFFs A;(¢?), A2(¢%), and
V(g% versus ¢>. The solid blue line is the central value, and
the shaded band is the corresponding uncertainty. For compar-
ison, the predictions under the RQM [16], BS [20], and
CCQM [59] approaches are also presented.

The differential branching ratio is a very important
physical observable measurement of the semileptonic de-
cay process, and its study helps us to understand the in-
ternal structure of particles and their interactions with
other particles. Therefore, it is very important to calcu-
late B, — D}V, semileptonic decay and its branching ra-
tio. Here, we use |V,,| =0.041 to calculate [5], and using
the branching ratio formula, we can obtain the numerical
result of the branching ratio. In addition, we present the
differential decay width diagram in Fig. 4. For comparis-
on, we also show the predictions of other theoretical
groups, including CCQM [14] and RQM [16]. We can
see that our results agree well with both experimental and
theoretical predictions within a suitable error range.

In Table 3, we comprehensively present the numeric-
al results for the branching ratios of various decay chan-
nels associated with the semileptonic decay of B, —
Dtv,. Alongside our findings, we showcase the numeric-
al predictions offered by other leading theoretical groups,
namely, CCQM [14], RQM [16], LFQM [19], PQCD
[18], and PDG [5]. Upon conducting a meticulous com-
parison among these results, we notice that there exists a
certain degree of deviation between our outcomes and

3.0
_ (a) ——— This Work I ccqm
g ---- RQM
> 25
[J]
L
& 2.0
=)
3
1.5 -
*UJ -7
la} o
T 1.04
Q
NQ‘
3 0.5
—
T

0.0 ‘ ; ,

0 3 6 9
q%[GeV?]
3.0
(b) ——— This Work I ccaom
---- RQM

2.5+
2.0
1.5+ e
1.0

0.5

dr/dg?(Bs » D 11~ 9,)(10712GeV1)

0.0

0 3 6 9

q%[GeV?]
Fig. 4. (color online) Differential decay widthes for

By — Dy, in whole ¢?-region, where the solid line is the
central value, and the shaded band shows its uncertainty. For
comparison, this paper also introduces the use of different the-
oretical methods, such as CCQM [14] and RQM [16].
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Table 3.
B — D¥* ¢y, with €= (e,u) in this work. Theoretical results are

Branching fractions (in unit: %) for the decays

also given for comparison.

Table 4.
channels B? — D:*¢v,, compared with other theoretical and ex-

Our prediction of |V,,| obtained from the decay

perimental results of various channels (in unit 1073).

Decay Channel BY — Ditev, BY — Dy, [Vep|
This Work 5457213 543731 This Work 40.117533
PDG [5] - 52+0.5 PDG [5] 41.4+13
CCQM [14] 6.42+0.67 6.39+0.67 BABAR [60] 41.9+1.16
RQM [16] 53205 - Belle [61] 40.83+1.13
LFQM [19] - 52406 LCSR [62] 40.2708h £ 1. 4lexp
PQCD [18] 4.42+127 - LQCD [63] 41.01+0.75
HPQCD [64] 40.2+0.017+0.013

those reported by the other groups. This discrepancy can
likely be attributed to errors in the input parameters util-
ized in the respective calculations. Nevertheless, it is im-
portant to emphasize that, within a reasonable and accept-
able range of error, our results are deemed to be valid and
reliable.

Finally, we present our prediction of V,, in Table 4,
along with the predictions from other groups, namely,
PDG [5], BABAR [60], Belle [61], LCSR [62], LQCD
[63], and HQCD [64]. By comparing our results with
those of other groups, it can be seen that due to the differ-
ences in decay processes, the errors vary accordingly.

IV. SUMMARY

This study investigated the semileptonic decay pro-
cess of By — Dity, within the framework of QCDSR.
First, we presented expressions for the D:-meson longit-
udinal twist LCDA moments <§E;’})§>I,1 and listed the val-
ues of the first ten &-moments at py=1.3 GeV and
e =3.0GeV (Table 1). Subsequently, we employed the
least squares method to fit the values of the tenth-order ¢-
moments at 1 = 3.0 GeV to determine the corresponding
model parameters. Based on the BHL method, we con-
structed a new model of ¢Q;D;(xaﬂ), whose behavior is
constrained by normalization conditions, the probability
of finding the leading Fock-state in the D’-meson Fock-
state expansion, and known Gegenbauer moments. Re-

search shows that it is necessary to find a more accurate
form of meson DA. In the study of various processes, the
error caused by using meson DA as an input parameter
should be considered. To present the behavior of the
LCDA ¢>Q;D; (x,1) in a clear and intuitive manner, we de-
picted its curve in Fig. 2.

Then, we calculated B, — D¢, TFFs A,(¢%), Ax(¢?),
and V(¢*) using the LCSR method. We presented the nu-
merical results of the TFFs in the large recoil region in
Table 2. After extrapolating the LCSR results of B; — D;
TFFs to the entire ¢*>-region, the differential decay width
and branching ratio of the semileptonic decay B, — D (v,
were obtained, as shown in Table 3 and Fig. 4. The CKM
matrix element |V,,| calculated using the branching ratios
obtained by the LHCb Collaboration is presented in Ta-
ble 4. It was compared with other predictions and found
to be consistent with experimental data and other meth-
ods within the error range.
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