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Abstract The B — D transition form factor (TFF)
f f_’D (¢®) is determined mainly by the D-meson leading-
twist distribution amplitude (DA) , ¢». p, if the proper chiral
current correlation function is adopted within the light-cone
QCD sum rules. It is therefore significant to make a compre-
hensive study of DA ¢».p and its impact on 572 (¢?). In
this paper, we calculate the moments of ¢;. p with the QCD
sum rules under the framework of the background field the-
ory. New sum rules for the leading-twist DA moments (§") p
up to fourth order and up to dimension-six condensates are
presented. At the scale u = 2 GeV, the values of the first four
moments are: (§!),) = —0.4187002), (£2),, = 0.28910173,
(%), = —0.178 £0.010 and (£*), = 0.14217013. Basing
onthe valuesof (§") , (n = 1, 2, 3, 4), abetter model of ¢, p
is constructed. Applying this model for the TFF £~ (g?)
under the light cone sum rules, we obtain f8~P(0) =
0.673%0031 and fP~P(g2,) = 11177002, The uncer-
tainty of f f*D (¢%) from ¢,. p is estimated and we find its
impact should be taken into account, especially in low and
central energy region. The branching ratio B(B — Dlvy) is
calculated, which is consistent with experimental data.

1 Introduction

The B — D™ decays have received a lot of attention
in recent years. Experimentally, the BABAR Collaboration
measured the semi-leptonic decays B — D®[i; in 2012
[1-3], and these decays were also measured by the Belle
[4-6] and LHCb Collaborations [7] in 2015. Theoretically,

#e-mail: zhongtao@htu.edu.cn

b e-mail: wuxg@cqu.edu.cn

¢ e-mail: huangtao@ihep.ac.cn

the semi-leptonic decays B — D®[i; are studied by the
heavy quark effective theory (HQET) [8], perturbative QCD
(pQCD) factorization approach [9,10], light-cone sum rules
(LCSR) [11-15], and the lattice QCD theory [16, 17] within
the framework of Standard Model (SM) and the new physics
model [18-21].

The D-meson distribution amplitude (DA) is an important
input for theoretical studies. By using the usual correlation
function in the LCSR calculation, the B — D transition form
factor (TFF) f f =D (4?) is represented as a complex formula
containing the D-meson twist-2, 3, ... DAs. If a proper chiral
current correlation function is adopted, the TFF f f ~Dg?
shall be dominated by the contribution of ¢».p [11,12,14],

2 1

mi fp 2 a0 du

EoP (g = L=/ / —¢2,p(u)
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where my, is the b-quark mass, mp(py and fp(p) are the
B(D)-meson mass and decay constant, sg is threshold
parameter, M is the Borel parameter, and the lower limit
of integral takes the form

& = o[Vt = =m0} - )
Mmp

—<S§—q2—m2)].

Equation (1) reduces the error sources of f f —D (qz), such
as the uncertain twist-3 DAs disappear in the LCSR. In turn,
it provides us with a precise platform for testing the behavior
of the leading-twist DA ¢». p [22].

In the existing researches on f5~P(¢?), the DA ¢,.p is
simply treated as an input parameter, whose error analysis
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is often not considered carefully. The most simple model
is based on the expansion of the Gegenbauer polynomials,
which reads [23,24]:

5.5 (x) = 6x(1 —x) [1+ Cp(l —2x)], @

where x stands for the momentum fraction of the light quark
and the shape parameter Cp is usually taken as ~ 0.7, cor-
responding to a peak around x ~ 0.3. Considering a simple
harmonic-like k | -dependence in the D-wavefunction, its DA
is improved as [25]:

27,2
¢ () = 6x(1 — ) [1 + Cp(1 — 2x)]exp [_‘”—] ,

3

where the parameters b = 0.38 GeV~ !, Cp =05 0w =
0.1 GeV [25]. By employing the solution of a relativistic
scalar harmonic oscillator potential [26,27] for the orbital
part of the wavefunction [28,29], the authors of Ref. [30]
suggest a Gaussian-type model:

1 2
P () = Npy/x(1— x) exp [—— (=2) } , 4)

2

where mp = 1.87GeV, Np = 4.86952, fp = 220MeV
and w = 0.8GeV. By using the Brodsky—Huang-Lepage
prescription [31-33], Ref. [34] proposes a light-cone har-
monic oscillator model:

m2x 4+ m2 (1 — x)
¢S (x) = Npx(1 — x) exp [—sz ¢ ] jx) ,

&)

where the constituent quark masses ., = 1.3GeV and
iy = 0.35GeV, Np = 19.908, and b3, = 0.292 GeV 2
[11]. By including the Melosh rotation effect into the spin
space, a more complete form than the model (5) has also
been presented in Ref. [34]. In addition, there are other two
D-meson leading-twist DA models, the exponential model
[35] and the one obtained by solving the equations of motion
without three-parton contributions [36].

As a matter of fact, our understanding of ¢,. p is far from
enough, a detail analysis on the uncertainty of various DA
models is necessary. In this article, we shall improve the ¢». p
model (5) to a more accurate form. As we have done in Refs.
[37-39], its input parameters shall be fixed by using sev-
eral reasonable constraints, such as the probability of find-
ing the leading Fock-state |cg) in the D-meson Fock-state
expansion, the normalization condition, and the known ¢». p
Gegenbauer moments. Those Gegenbauer moments shall be
computed by using the QCD sum rules [40] in the framework
of background field theory (BFT) [37,41,42]. As a further
step, we shall analyze the properties of the model in detail,
and the influence of ¢o.p on f87P(g?) shall also be pre-
sented.

@ Springer

The remaining parts of the paper are organized as follows.
An improved model for the D-meson leading twist DA ¢». p
is given in Sect. 2. Procedures for deriving the QCD sum
rules for the moments of ¢,. p in the BFT are given in Sect. 3.
For convenience, we present the explicit expressions of those
moments in the Appendix. Numerical results and discussions
are presented in Sect. 4. Section 5 is reserved for a summary.

2 An improved model for the D-meson leading-twist
DA ¢2;D

As discussed in Refs. [38,39], we improve the harmonic
oscillator model of the D-meson leading-twist wavefunction
W). p(x, k1) suggested in Ref. [11] as

Wa.p(x. k1) = x2:p(x, k) Wy (. ko), (6)

where k is the transverse momentum, x».p(x, k) stands
for the spin-space wavefunction and \L/ZR; p(x, k1) indi-
cates the spatial wavefunction. The spin-space wavefunction
x2:p(x, k) takes the form [43]

mex + g (1 —x)

VK2 4 [iex + g (1 = 0T

XZ;D(-xv kJ_) = 5 (7)

where 71, and i, are constituent quark masses of the D-
meson, and we adopt rii. = 1.5GeV and i, = 0.3GeV. g

stands for the light quark, ¢ = u is for D' and ¢ = d is for
D™ . The spatial wavefunction takes the form

W (x. k1) = Appp(x) x exp
2 ~2 2 ~2
o b kJ_~|-mc+kL+mq ®
pr\ 1—x x ’

where Ap is the normalization constant, 8p is the harmo-
nious parameter that dominates the wavefunction’s trans-
verse distribution, and ¢p (x) dominates the wavefunction’s
longitudinal distribution, which can be expanded as a Gegen-
bauer polynomial,

4
op() =1+ BPC)?

n=1

2x —1). )

Using the relationship between the D-meson leading-twist
wavefunction and its DA,

2/6 d’k
(k). (10)

2.0 (X, o) = ——
Paplp fo Jk p<up 1673
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we obtain a new model for ¢;. p, i.e.

6App>
$2:0(x., o) = %m — )¢ ()
7 fp
[ n%%x—i—lﬁé(l—x)}
X exp | — 5
8Bpx(1 —x)

2
_ M
x{l exp|: Sﬁ%x(l—x)i“’ (11)

where wo ~ Aqcp is the factorization scale. Because
m¢ > AQcp, the spin-space wavefunction xp — 1. In this
work we ignore the (constituent) mass difference between
u and d quarks, the wavefunction W7, p(x, k| ) and the DA

¢2.p(x, u) are the same for both 50 and D~ . By replacing
x with 1 — x in Egs. (6, 11), one can obtain the leading-twist
wavefunction and DA of D? and D*.

The model parameters Ap, B,? and Bp are scale depen-
dent, their values at an initial scale g can be determined
by reasonable constraints, and their values at any other scale
W can be obtained via the evolution equation [38,39]. More
explicitly, we shall adopt the following constraints to fix the
parameters:

e The normalization condition,

1
/o dx¢o.p(x, o) = 1. (12)

e The probability of finding the leading Fock-state | cg) in
the D-meson Fock state expansion [34],

1 2
A’k | 2
Pr= | d —‘\IJ .k ‘
D /0 xf16n3 2 p(x,Ki)

A2 2 1
= #’Z’)/O dxx(1 — x)g3(x)
2 2 1—
X exp |:_mcx _:mq( X):| . (13)
4Bpx (1 — x)

We will take Pp ~ 0.8 [34] in subsequent calculation.
Numerically, we find that similar to the case of heavy
pseudo-scalar meson [38], our model depends very little
on the value of Pp.

e The Gegenbauer moments of ¢,. p(x, (o) can be calcu-
lated by the following way,

o dxgn. p(x, 1) Ca/ > (2x — 1)

L dx6x(1 — 01 @2x — HP

ap (o) = (14)

If knowing their values, we can inversely determine the
behavior of ¢2. p (x, wo).

3 Sum rules of the moments of the leading-twist DA
¢2;D

To derive the sum rules for the D-meson leading-twist DA
¢2. p, we introduce the following correlation function

%9, ) :i/d4xei"'x (o] {n@7©}|0)

= (z- )" 2100 (g, (15)
where 72 =0,n =0, 1,2, ..., and the currents
To(x) = E)ystiz- DY'q(x), (16)
J4(0) = G(0)2ysc(0). (17)

Following the standard procedures of QCD sum rules, we
first apply the operator product expansion (OPE) for the cor-
relation function (15) in the deep Euclidean region. With the
basic assumption of BFT and the corresponding Feynman
rules, Eq. (15) can be rewritten as

Ny q) = ifd“xe”’"‘

x {—Tr (¢

SHO, ¥)gys(iz- D)'Shx, 0| 0)

+ T (0[50, 1tys(iz BY'aOa s o))
+ cee (18)

where S%.(0, x) and Slqp (x,0) are quark propagators in the

background field, and (iz- B)” stands for the vertex opera-
tors. The tedious expressions of the propagators and vertex
operators with terms leading to dimension-six condensates
in the sum rules can be found in Ref. [37].

Figures 1 and 2 show the Feynman diagrams for the first
and the second terms in Eq. (18), respectively. In those two
figure, the left big dot and the right big dot stand for the

vertex operators Zys5(z- B)” and Zys in the currents J, (x)
and JJ (0), respectively; the cross symbol attached to the
gluon line indicates the tensor of the local gluon background
field, and “n” indicates ng,-order covariant derivative; the
cross symbol attached to the quark line stands for the local
light u or d quark background field.

Figure lal gives the perturbative contribution, Fig. 1bl,
cl, d1 give the contributions proportional to dimension-four
gluon condensate («;G?), and the remaining diagrams in
Fig. 1 give the contributions proportional to dimension-six
gluon condensate (gg f G3>. Figure 2 gives the terms involv-
ing dimension-three quark condensate (g¢q), dimension-five
quark-gluon mixing condensate (g;qo T G¢) and dimension-
six quark condensate (gsc}q)z. There is infrared (IR) diver-
gence in Fig. lel, e3, e5, e7, fl, {3, gl, i2, i4, j1, which
contain the terms proportional to IT,

@ Springer
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(h2) (h3) (i)

Fig. 1 Feynman diagrams for the first term of Eq. (18). The left big dot

and the right big dot stand for the vertex operators 7ys(z: B)” and Zys
in the currents J,, (x) and JJ (0), respectively. The cross symbol attached

g

o wgn g

(i3) (i4) (n

to the gluon line indicates the tensor of the local gluon background field,
and “n” indicates ng,-order covariant derivative. The diagrams whose
contributions vanish in the sum rules are not shown

M/Q\/y w@/\m w@/\m Mﬁ'o%/\/\, r\/\§1 '>/v\,
(@) (b) (c) (d) (e)

Fig. 2 Feynman diagrams for the second term of Eq. (18). The left big

dot and the right big dot stand for the vertex operators 7Zys(z- B)” and
£Lys in the currents J,, (x) and JOT (0), respectively. The cross symbol
attached to the gluon line indicates the tensor of the local gluon back-

~ dPpy Qpr-z—p1-2)" x---
= 2e ;
M e i =t —mrp i @S

(19)

where we have completed the integration over x, the c-
quark momenta p; and p; indicates the u/d quark momen-
tum, and the ellipsis “---” stands for the possible Lorenz
structures, such as p4, py p), and etc. Taking the limit,

@ Springer

ground field, and “n” indicates ny,-order covariant derivative, and the
cross symbol attached to the quark line stands for the local light u or d
quark background field

mi /4 0, the infrared divergence appears in I1. We adopt
the D-dimensional regularization approach to deal with the
infrared divergence, D = 4 — 2¢ (¢ — 0). Then our task
is to extract the divergent terms proportional to 1/€. Using
Feynman parameterization formula,

X1 — x)f !

I _Te+p (!
“TAx + B(1 — x)|*+P

A®BF — T(@)T(B) Jo

(20)
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and completing the integration over the momentum p>, we
get the key integration for I1

1
I(m,a,b,c) =/ dx(2x — 1)"x~*7¢(1 — x)?
0
2 —c—¢€
« (1= Lx i
—q2 +m%

where m(< n), a, b, ¢ are integers. Equation (21) can be
further represented as

2n

N (—Dfmt !
I(m,a,b,c) = Zﬁf dxxm—k—a—e(l _x)k+b
= kim =)t Jo

2 —c—€
—q
X <1 - ﬁx> .
—q° +m;

It can be simplified with the help of the hypergeometric func-
tion, i.e.

(22)

I'(y)
Ly — )

1
x/ dxxP 11 —x)r P11 - zx)™@
0

F(a,B,y,2) =

o]

(@) (B)
= -— =7 23
g 1y, )

where |Z| < 1 and (A); = ['(A 4+ 1)/ T'(A), we obtain

“(=Dfm! Tk+b+1)

I(m,a,b,c)= ];O ki(m —k)! T(c+e)

» Z I'(l+c+e)T'(l+m — k—a+1 —€)
= IM{l+m—a+b+2—¢€)

l
=
—q2+m% '

The IR divergence appears in I'(l +m —k —a + 1 — €)
at the lowest several /-terms. It should be pointed out that
if the two constituent quarks that make up the meson are
heavy ones [38,39], such IR-divergence can be avoided, since
the heavy quark mass provides a natural hard scale for the
correlator. For the D-meson or the light meson with at least
one light constituent quark [37], there is IR-divergence in the
perturbative coefficients of the condensates, which should
be regularized, be separated out, and be absorbed into the
redefinition of the condensates. For the purpose, we adopt
the MS-scheme to regularize the IR-divergent terms, which
shall be absorbed into the redefinition of the condensates such
that to achieve a final IR-free prediction.

On the other hand, the correlation function (15) can be cal-
culated by inserting a completed set of intermediate hadronic
states in the physical region. With the definition

(24)

(0]c@ zrstiz- Dy'a )| D@))
=i " folE"),

and the quark-hadron duality, the hadron expression of
%% (z, ¢) can be obtained. In Eq. (25),

(25)

1
(") =f duQu — 1)" ¢, p(u) (26)
0
is the ny-order moment of ¢. p. The Oy, -order moment cor-
responds to the normalization condition for ¢». p,

<50>D — /(;ldu(pz;D(u) =1.

The operator expansion of the correlation function (15)
and its hadron expansion in deep Euclidean region can be
matched by the dispersion relation. By further applying the
Borel transformation for both sides, the sum rules for the
moments of the D-meson leading-twist DA ¢». p can be writ-
ten as

27)

Q
RIS

M? 11 %  _
"= —— | dse w’ImI
(‘S >D fg {JT M2 /tmm se m pert(S)
+ Lulige) (—4®) + L g2y (—q°)

+ lAIMI(q_Gq) (_qz) + LMI((M)Z (—6]2)

+ I:MI(G3> (—612)} , (28)

where sé) is the continuous threshold parameter, L M is the
Borel transformation operator. For convenience, we present
the expressions for every term in the sum rules (28) in the
Appendix.

4 Numerical analysis
4.1 Input parameters

To determine the moments of the D-meson leading-twist DA,
we take [44]

mp- = 1869.59 = 0.09 MeV,
me(me) = 1.28 £0.03 GeV,

ima(2GeV) = 4.7107 MeV, (29)
and [38,45]
(Gq) (1GeV) = —(240 £+ 10MeV)?,
<otSG2> — 0.038 £ 0.011 GeV*,
<g‘§fc3> — 0.013 4 0.007 GeV®,
(8sg0TGq) = 0.8(qq),
(g53q)* = 1.8 x 1073 GeVS. (30)

@ Springer
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The parameters can be run to any other scales by using the
renormalization group equation, such as [46,47]

12
Fie(w) = iiic (i) [ o (1) Ts ,
as(mc)
_ - ag () 2
g (1) = 1ig(2 GeV) [—as = Gev)] ,
12

o aw 177
(Gq) (W) = (dq) (1GeV) [—%UGCV)} . 31)

The gluon-condensates (o;G?) and (g3 fG?) are scale-
independent, and we ignore the scale-dependence of the
four-quark condensate (g;G¢)?, whose value is already very
small. Generally, we shall take the renormalization scale as
the Borel parameter, © = M, which represents the typical
momentum flow of the process.

The D-meson decay constant is taken as the PDG
value [44]: fp =203.7£4.7+ 0.6 MeV. For the continuous
threshold sOD , it is usually taken as the square of D-meson’s
first exciting state. Different from the cases of pion and kaon,
the D-meson’s first exciting state has not been experimentally
confirmed yet. According to the helicity analysis of Refs.
[48,49], Ref. [48] suggests the quantum state of DO(2550)
is J© = 07, which has the same quantum number as D-
meson, e.g., [(JF) = %(0_). On the other hand, with an
sum rules prediction within HQET [50], the authors of Ref.
[51] suggest s = (6.5 + 0.25) GeV?. Thus in this work,
we approximately take D°(2550) as the first excitation state
of D-meson as suggested by Ref. [48], and the continuous
threshold value is taken as sOD = 6.5025GeV?.

4.2 The moments ("), of ¢2.p

To fix the Borel window, one usually requires the most uncer-
tain contributions from both the continuum states and the
highest dimensional condensates be a reasonably small value
and the sum rules be insensitive to the Borel parameter M.
The contributions from continuum states and dimension-six
condensates dominate the systematic error of the predicted
moments (§”) p, so smaller magnitudes of them indicate bet-
ter accuracy of the sum rules. In usual treatment, the contin-
uum contribution is taken to be less than 30% and the con-
tribution from dimension-six condensate is less than 10%.
For the present case, our criteria for the continuum states and
the dimension-six condensates contributions are presented
in Table 1. Table 1 shows better accuracy of ('), (£%),
and (& 3>D
obtain the Borel window of (5 4) D> We soften the continuum
contribution to be 40%, which inversely could lead to lower
accuracy for (§*),. The determined Borel windows and the
corresponding D-meson leading-twist DA moments (£")

can be achieved than the usual criteria. In order to

@ Springer

Table 1 Criteria for
determining the Borel windows
of the D-meson leading-twist

n Continue con- Dimension-
tribution (%) six contribu-

tion (%)
DA moments (§")
1 <15 <1
2 <25 < 10
3 <20 <5
4 <40 < 15

Table 2 The determined Borel windows and the corresponding D-
meson leading-twist DA moments (§"), (n = 1,2,3,4). All input
parameters are set to be their central values

n m? (" p
1 [3.247, 7.035] [—0.417, —0.397]
2 [1.862,2.917] [0.290, 0.303]
3 [3.157,5.763] [—0.181, —0.175]
4 [2.410,4.572] [0.151,0.141]
1 :
<§‘>
0.8} - - -l
- =<t
o6l | <l
o4t
02 ...
=]
CA 0t
ey
\
=02 e mm s s m s s s s s s s
-0.4
-0.6
-0.8
_1 L L L L L L
2 3 4 5 6 7
M?(GeV?)

Fig. 3 The D-meson leading-twist DA moments (§")p (n =
1,2,3,4) versus the Borel parameter M>, where all input parameters
are set to be their central values. The solid, dashed, dash-dotted and
dotted lines are for (Sl)D, (EZ)D, ($3)D and (E“)D, respectively

(n = 1,2,3,4) are presented in Table 2, where all input
parameters are taken to be their central values.

Figure 3 shows the stabilities of the D-meson leading-
twist DA moments (¢§")p (n = 1, 2, 3,4) in the allowable
Borel windows. By taking all uncertainty sources into con-
sideration, we obtain
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Table 3 The impact of various inputs on (§") 5. The Borel parameter
M is fixed to be its central value. The labels “|yp” and “|jow” stand for
the upper and lower bounds of the inputs, and the symbols “+” and “—"

represent the positive and negative errors brought by the corresponding
input, respectively

+0.013
|M=2G6V = 0.14270012,

a? (2 GeV) = 0.00975:903,

(Gl (G)how  (&FC) (/G how @Dl (G how  (8:G0TGCG) |y (8:GTTGY) liow
€, - + - + - + + -
€3, + - + - + - - +
(), - + - + - + + -
€Y, + - + - + - - +

n_1c|up me|low n_’ld|up ma|low mD|up mp llow fD|up Spliow
(E")p + + + - - + + —
(%), - + - + + - - +
(&%), + - + - - + + -
(%)) - + - + + - - +
<gl>D lu=2Gev = —0.41810021 (€")p and aP [38], we obtain
<g2>D lu=2Gev = 0.28970023 al(2GeV) = —0.69710 036,
(32) D _ +0.068

(£%) lumacev = —0.178 £ 0,010, @2 (2GeV) = 0.235% ooa- (33)
Y

where the errors are squared averages of all the mentioned
error sources. By fixing the Borel parameter M to be its cen-
tral value of the determined Borel window, Table 3 shows the
impact of various inputs on (§") ;,, where the labels “|,,” and
“l1ow”” stand for the upper and lower bounds of the inputs and
the symbols “+” and “—” represent the positive and nega-
tive errors brought by the corresponding inputs, respectively.
Table 3 shows that if the upper limit of an input parameter
causes a positive error in (E 1 ) D’ it will lead to a positive error
for (£3),) and lead to negative errors for (£2), and (£%),,
and vice versa; and if the upper limit of an input parameter
leads to a positive error in a moment, its lower bound will
lead to a negative error in this moment, and vice versa. The
only exception is the c-quark current mass .. Fortunately,
the error caused by . is negligible. Thus, it is reasonable to
assume that the four moments (§")p (n = 1, 2, 3, 4) can not
be varied independently, all of which follow the same vari-
ation trends as described above. For example, to determine
the uncertainty of the leading-twist DA, if the magnitudes
of (£') ) and (&%), take the upper bound, the magnitudes of
(€2),, and (€*),, should take the lower bound, and vice versa.

4.3 The improved model for the D-meson leading-twist
DA ¢2; D

One can use the DA moments (§"), to get the Gegenbauer
moments a,? . For example, by using the relationship between

af (2GeV) = —0.024 0%

Substituting the above Gegenbauer moments a,ll) into Eq.
(14), together with the constraints (12, 13), we can deter-
mine the input parameters Ap, B,? and fp for the leading-
twist DA ¢;.p. The accuracy of ¢,.p is dominated by
the accuracy of the Gegenbauer moments af,. Table 4
presents some typical parameters at scale © = 2GeV
for typical choices of Gegenbauer moments a,. Similar
to the case of the DA moments (£"), the Gegenbauer
moments a? also can not be varied independently in their
own error regions, and the uncertainty of the DA model is
determined by the following two sets of a,ll) , namely, (i)
aP(2GeV) = —0.697T0036 gD (2GeV) = 0.258_0 064,
a?(2GeV) = 0.0097095 4P (2GeV) = —0.02440.020;
(i) aP (2 GeV) = —0.697_9.037,a?P (2 GeV) = 0.258F0-068,
aP(2GeV) = 0.009_0002, aP(2GeV) = —0.02470-026,
Table 4 associates the uncertainty of ¢,. p with the error of
Gegenbauer moments a"D, which facilitates our further dis-
cussion on the impact of ¢.p as an input parameter to the
B — D decay.

Figure 4 shows the D-meson leading-twist DA ¢». p with
typical values of the input parameters exhibited in Table 4.
The solid, the dash-dotted and the dashed lines are for the
parameters exhibited in second, third and forth lines of
Table 4. Figure 5 is a comparison of ¢».p, in which the
solid, the dashed, the dash-dotted, the dotted and the thick
dotted lines are for our present model (11), the Gegenbauer
polynomial-like KLS model [23,24], the LLZ model [25],
the Gaussian-type LM model [30] and the GH model [34],
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Table 4 Typical D-meson leading-twist DA model parameters at scale u = 2 GeV

aP a? a? aP Ap (Gev™h  BP B? BP BP Bp (GeV)
—0.697 0.258 0.009 —0.024 1.855 —0.567  0.027 0.165  —0.078  5.776
—0.69710036 0258 _00es  0.00910903 00240020  1.909 —0.524  —0.030 0.154  —0.049  5.806
—0.697_0037  0.25810-068 (0.009_0 902 —0.02470026 1800 —0.616  0.092 0.177  —0.113  5.684
3 3 : :
= = Upper limit for a"DI3 and lower limit for aZ':"4 : ﬁ:ggzx
, LN . Central values for aE u=10GeV
= = = Lower limit for a'ia and upper limit for agA’ 25+ == u=100GeV [{

0 01 02 03 04 05 06 07 08 09 1
X

Fig. 4 The curves of the D-meson leading-twist DA ¢;.p with the
parameter values exhibited in Table 4

T
Our Model
= = =KLS Model

= = LLZ Model
LM Model |]
111111 GH Model

251

‘,
1%
‘4

15¢

0, 5(%.2GeV)

0.5F

0 01 02 03 04 05 06 07 08 09 1
X

Fig. 5 A comparison of the D-meson leading-twist DA ¢, p. The
solid, dashed, dash-dotted, dotted and the thick dotted line are for our
present model (11), the KLS model [23,24], the LLZ model [25], the
LM model [30], and the GH model [34], respectively

respectively. Our model of ¢,.p prefers a narrower behav-
ior in low x-region than other models. It has a peak around

@ Springer

0.5 06H)

0 01 02 03 04 05 06 07 08 09 1

Fig. 6 The D-meson leading-twist DA model (11) at different scales,
where the solid, the dashed, the dotted and the dash-dotted lines are for
the scales u = 2, 3, 10, 100 GeV, respectively

x ~ 0.2, which is consistent with the LM model, but is incon-
sistent with the KLS, the LLZ, and the GH model which have
peaks at a larger x (~ 0.3 — 0.4).

Figure 6 shows the D-meson leading-twist DA model (11)
at different scales, where the solid, the dashed, the dotted
and the dash-dotted lines are for the scales u = 2, 3, 10, 100
GeV, respectively. It shows that with the increment of (, ¢2. p
becomes broader and broader and becomes more symmetric,
e.g. the peak moves closer to x = 0.5. When u — 00, ¢2.p
tends to the well-known asymptotic form, i.e. ¢2.p(x, u —
o0) = 6x(1 — x).

4.4 Numerical results of B — D TFF and its uncertainty
from ¢2. p

By using the chiral current correlation function, the LCSR of
f f D up to twist-4 accuracy shall involve only the contribu-
tion from the D-meson leading-twist DA ¢o.p [11,12,14]. In
this subsection, we apply our present DA model to calculate
the B — D TFF f8=D.

Considering the decay B = D71y, we take Mo =
5279.6340.15MeV and i (771) = 4.1875:03 GeV [44]. For
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Table 5 The parameters a and b for the TFF extrapolation (35). The
lowest, middle and the highest TFFs are adopted for such a determina-
tion

rE=20) a b

0.711 1.006693 0.163854
0.673 1.055706 0.247634
0.632 1.127308 0.372689

the B-meson decay constant, we take the PDG value, fp =
188 + 17 & 18 MeV [44]. For the continuum threshold ség ,
we take it to be ség = 36+ 1 GeV?. We take the factorization
scale to be u =~ 3 GeV. For the Borel window we take M2 =
(20—30) GeV?. At the maximum recoil point with g> = 0,
we have

B—D oy +0.018 4£0.005, _ 40.019
J£77(0) = 0.6737 055165 Im2 20021

0.025 —0.009 |s§

+0.015| 7, £ 0.016] 7, T001),,,,
= 0.673" 0035162 £ 0.033(0ther toputs~ (34)

where the error labeled as “Other Inputs” is obtained by
adding up of all the errors other than the one from ¢.p in
quadrature. The DA ¢». p, the Borel parameter M 2 contin-
uum threshold s(? , B(D)-meson decay constant fp(p) and the
b-quark mass my, are main error sources. The errors caused
by Mo and m p+ are not explicitly shown, because they are

less than 107> of the total contributions. Our value in Eq.
(34) agrees with the lattice QCD prediction, f5~2(0) =
0.664 £ 0.034 [17].

Because the LCSRs for the TFF f f =D (4?) are reliable in
low and intermediate regions only, we extrapolate our present
prediction to large ¢2-region by adopting the following for-
mula [52],

fE7PO)

1—a(g?/m})+b(q?/m3)’
We present the fitted parameters a and b in Tabel 5 and the
TFF f8~P(¢?) in Fig. 7. In Fig. 7, the shaded hand is the
theoretical uncertainty from all the mentioned error sources,
suchas ¢2. p,s&, f, fp.mp and etc., which have been added
up in quadrature. Figure 7 shows when ¢° € [8, 10] GeV?,
the error caused by ¢». p is rather small, which becomes siz-
able for ¢> € [0,8]GeV? and 10GeV? < ¢% < g2, =
(mp — mp)>. This can be numerically explained by the fact
that the error of ¢,. p shall be cancelled for the integral region
u € [A, 1] of the integral in Eq. (1).

Using the transformation formula G(1) = 2./mpmp/
(mg+mp) x ff_’D(qI%lax), onecangetG(l) = O.981f8:81§.
In the literatures, G(1) has been calculated with the lattice
QCD approach, e.g., G(1) = 1.074 + 0.018 £ 0.016 [53],
G(1) = 1.058 £ 0.016 £ 0.00319014 [54], G(1) = 1.026 &

—0.005
0.017[55],G(1) = 1.0527+0.0082[16] and G(1) = 1.035+

B%D( 2) —

! (35)

@

fB% D

051

0 2 4 6 8 10
a%(GeV?)
Fig. 7 The extrapolated TFF f. fﬁD (q?) versus ¢2. The solid line is
the central value and the shaded band is the squared average of all the

error sources. The error from the leading-twist DA ¢,.p is shown by
the dash-dotted lines

0.040 [17]. Our result is slightly smaller than the values in
Refs. [16,53,54], but is consistent with the values in Refs.
[17,55] within reasonable errors.

Furthermore, one can calculate the branching ratio 5(B —
Dlvy) with the following two formulas,

d G| Vel
% (B> DIy = ZF 33200 B2 D (D).
g2 ( 1) —192n3m33 @INSfE7 7@l
(36)
(m=mp)* _4r(B — DIp
B(B — DIy = rB/ 4248 = D),
0 dq?
37

where A(¢%) = (m% + m3 — ¢»)? — 4mym3, is the

phase-space factor. We take the Fermi constant Gp =
1.1663787(6) x 1075 GeV~2, the B meson lifetime 13 =
(1.520 £ 0.004) x 10~'25 and the CKM matrix element
|Vep| = (40.5 £ 1.5) x 1073 [44]. Then

BB’ = D) = (2.133 +0.273) x 1072, (38)

Our B(EO — D%Iv;) in (38) agrees with B(EO —
D*1) = 2.0379%2 by pQCD [9], BB’ — DIy =

2137019 by HQET [8] and B(B" — D*1iy) = 2.18+0.12
in PDG [44].

5 Summary

In this paper, we have made a detailed study on the DA
¢2.p with the QCD sum rules under the framework of the
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background field theory and tried to estimate the uncer-
tainty from the improved model distribution amplitude. In
order to get more accuracy information on the DA ¢».p,
we calculate the first four moments (§"), of ¢y.p with
QCD sum rules in the framework of BFT. Their values are
obtained as: (£'),) = —0.4187002). (£2), = 02897007,
(%), = —0.178 £0.010 and (§*),, = 0.14270013 at scale
@ = 2GeV. Furthermore, under the same scale the Gegen-
bauer moments of ¢. p are obtained as a lD = —O.697f8:8§g,
o = 0258°308. aP — 0009°8865 af = ~0.024 3%
Based on those four Gegenbauer moments, the improved
model for the D-meson leading-twist DA ¢». p has been con-
structed. Our model has a narrower form than the models
existed in the literature, whose peak is at about x ~ 0.2. We
have also analyzed the effect of a’,’s uncertainty on the DA
¢2. p, which helps us to discuss the uncertainty that occurs
when the ¢;. p is used as an input parameter to the exclusive
processes.

With our model of ¢».p, we calculate the B — D
TFF £8P (¢?), and obtain fE~P(0) = 0.67375:03% and
f f*D (q%lax) = 1.1171‘8:8;{, we find that the error brought
by ¢2.p to £8P (¢?) is obvious in the low and intermedi-
ate g2-region. This case shows that it is very necessary to
study and find more accurate form of the meson DA. In the
study of various processes, the error caused by the meson
DA as an input parameter should be taken into account. Fur-
thermore, we obtain the branching ratio 3 (EO — DTIy) =
(2.133 £0.273) x 10~2, which is consistent with experimen-
tal data and other approaches in the error range.
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Appendix A: The formulas of those terms in the sum rules
(28)

The formulas of those terms in sum rules (28) are

3
8r(n+ 1)(n+3)

2 2
x”z(n“)’ﬂ(l—ﬂ)H]
S S
2]’)’!2 n+l
x(l— ) +(—1)”}, (AD)
S

Im/Zpert(s) =
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Lylge(—q*) =

Luligy(—¢) =

LM1<qu>(—612) =

Ll igyp(=4*) =

1:M1<G3>(—612) =

0 m? 7 my (qq)
(=1 exp[—MZ} YO (A2)
(:G?) 1T, DHn =21, 1
w12 | n-%11)
m?2
+H(I’l, 09 O) - M‘zH(n’ 15 _2)]9
(A3)
. m?2 ] my (8:GoTGq)
(=17 exp [_W}T
8n+1 ZmZ
X[_ 8 _9M2]’ (A9
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P2 | T me 81
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17
x{ - %fl(n, 5,3,2,00)

n
— -1,5,3,1,
+144f2(n 00)

1
_9_6f2(n7 4” 37 17 Oo)

1
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144

n n
—%%(n, 4) + m%(n, 3)

1 2
x (1 - 51’;;) + L Ga(n — 1,5)

+L o0asm0 4 2040(n — 1)(—1)"
288

m2
+(=1)" <100n — 154 + 51 Mg) }

M? (—=n"
x [m — + w(3)} +
"

288
m? <g3fG3) 1
X (17VC2 —4n) } + M6 52

x{ﬁ[—4(n+l)n(n— 1)

xHmn—2,1,1)+4(n + 1)H((n,0,0)
—2nHm —1,1,—1) —3H(n,0, —1)

m2

— (4
288 M2

—51H(n, 1, —2)} +

x[—4n(n —DHn-2,1,0)

—2H(n,0,-2) +4H(n, 0, —1)


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Eur. Phys. J. C (2018) 78:76

Page 11 0of 12 76

—2Hm —1,1,-2) —3H(n, 1, —3)i|
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240 T
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n k
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o Z (I+b)I'(n k+1)
'n—14+14a)

[=lmin

l

|
XZi!(l—i)!(l—l—i—i—b)!

i=0

o
<(- '"5) |
M? ’
2 (—Dkn!T(k + a)
Fa(n,a.b, lin, Imax) = 3 T TI

k=0
l'"i*: T(+b)(n—k+1)
F'n+1+a)

(AT)

[=lmin

l

1
Xzi!(l—i)!(l—l—i—l—b)!

i=0
1—i

m2
x (—M02> , (A8)
n—2 k
e DNk + o)l (n—1—k)
Gi(n. a) _kgo K-l —1+a) (A9)
n—1
= DFuITk + @) (n — k)
G2(n, a) ‘,§ =T (A10)
n—1 k
e DR = DIT(k+ o) (n — k)
G3(n. ) _]; Kl — )T (n + a) - A1
1
Hn, a,b) =/ dx(2x — 1)"x%(1 — x)?
0
n?
X exp |:— M= x)i| . (A12)

In calculation, the following Borel transformation formulas
are adopted,
. 1 —q* + m?
n
M=+ m2F u?

1 1 _m[ M?

2 2
~ —q°-+m
Ly(—q® + m?)k In %

m?
= (=DM e T (k> 0),

i (—qz)l
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