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p-meson longitudinal leading-twist distribution amplitude revisited and the
D— p semileptonic decay”
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Abstract: Motivated by our previous study [Phys. Rev. D 104(1), 016021 (2021)] on the pionic leading-twist dis-
tribution amplitude (DA), we revisit the p-meson leading-twist longitudinal DA ¢g; p(x, () in this study. A model pro-
posed by Chang based on the Dyson-Schwinger equations is adopted to describe the behavior of q)g; p(x, ). However,
the {-moments of ¢g; p(x, ) are calculated with the QCD sum rules in the framework of the background field theory.
The sum rule formulas for these moments are improved. More accurate values for the first five nonzero &~-moments
at the typical scale u=(1.0,1.4,2.0,3.0) GeV are given, e.g., at u=1GeV, <§2>g;p =0.220(6), (f“}g;p =0.103(4),
<gﬁ>g;p = 0.066(5), (%)), , =0.046(4) , and €O, , = 0.035(3). By fitting these values with the least squares meth-
od, the DSE model for qﬁg; p(x, () is determined. By taking the left-handed current light-cone sum rule approach, we
obtain the transition form factor in the large recoil region, i.e., Aj(0) = 0.498f8:8{‘2‘, Ar(0) = 0.460f8:82§, and
V(0) = 0.800f8:8}i, and the ratio r = O.923f8:ﬁ3, ry = 1.607f8:87,%. After extrapolating with a rapidly converging
series based on z(f)-expansion, we present the |V 4|-independent decay width for the semileptonic decays

D — pl*ve. Finally, the branching fractions are B(D° — p~etv,) = 1.825f8:{g(2) +0.004, B(D* — pletv,) =

229970234 £0.011, B(D® — p~ptv,) = 1.816701%8 £0.004, and B(D* — pOutv,) =2.28879312 +0.011.
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I. INTRODUCTION

The p-meson leading-twist longitudinal distribution
amplitude (DA) is a key input parameter when investigat-
ing related exclusive processes including the p meson.
Charmed semileptonic decay processes can provide a
clear platform for researching the p-meson DA. In
charmed factories, the BESIII collaboration reported new
results for the semileptonic decay D° — p~u*v, in 2021
[1]. In 2019, the BESIII collaboration provided improved
measurements of D — pe*v, [2]. The CLEO collabora-
tion provided measurements of the form factors in the de-
cays DY+ — p%*y, in 2013 [3], and their previous
measurements can be found in [4, 5]. It is known that
transition form factors (TFFs) are key components of
semileptonic D — pl*v, decays in the standard model.

Therefore, accurate TFFs are very important for theoret-
ical groups and experimental collaborations. Theoretic-
ally, the D — p TFFs can be treated using different ap-
proaches, such as the 3-point sum rule (3PSR) [6], heavy
quark effective field theory (HQEFT) [7, 8], relativistic
harmonic oscillator potential model (RHOPM) [9], quark
model (QM) [10, 11], light-front quark model (LFQM)
[12, 13], light-cone sum rule (LCSR) [14—16], covariant
confined quark model (CCQM) [17], heavy meson and
chiral symmetry theory (HMyT) [18], and lattice QCD
(LQCD) [19, 20]. The LCSR approach is based on oper-
ator production expansion near the light-cone, and all the
non-perturbative dynamics are parameterized into light-
cone DAs (LCDAs), which is suitable for calculating the
heavy to light transition. In this study, we take the LCSR
approach to calculate the D — p TFFs with a left-handed
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current”. Thus, the key task is obtaining an accurate p-
meson longitudinal twist-2 DA.

Theoretically, the p-meson longitudinal leading-twist
DA can be studied using various methods, such as QCD
sum rules (SRs) [21-26], LQCD [27-30], the AdS/QCD
holographic method [31-34], extraction from experi-
mental data [35—38], the light-front quark model (LFQM)
[39, 40], Dyson-Schwinger equations (DSEs) [41], large
momentum effective theory (LMET) [42], instanton va-
cuum [43, 44], and other models [45, 46]. The QCDSR in
the framework of background field theory (BFT) is an ef-
fective approach in calculating light and heavy meson
DAs [47]. In early 2016, we preliminarily studied the p-
meson longitudinal leading-twist DA [48], in which the
first two order nonzero {-moments and Gegenbauer mo-
ments were obtained, and the behavior of ¢g;p(x,,u) de-
scribed by the light-cone harmonic oscillator (LCHO)
model was determined [49].

In 2021, we proposed a new research scheme for the
QCDSR study on pionic leading-twist DAs, in which a
new SR formula for &-moments was proposed after con-
sidering that the SR for the zeroth {-moment cannot be
normalized in the entire Borel region [50]. It enabled us
to calculate more higher-order -moments. Furthermore,
the behavior of the pion DA ¢,..(x,u) could be determ-
ined by fitting sufficient &-moments with the least squares
method. Subsequently, this scheme was used to study
pseudoscalar 7”-meson and kaon leading-twist DAs [51,
52] and D-meson twist-2,3 DAs [53], axial vector
a,(1260)-meson twist-2 longitudinal DAs [54], and scal-
ar ay(980) and K;(1430)-meson leading-twist DAs [55,
56]. Inspired by this, we restudy the p-meson leading-
twist longitudinal DA ¢g;p(x,u) by adopting the research
scheme proposed in Ref. [50].

The remainder of this paper are organized as follows.
In Sec. 11, we present the calculations for the {~-moments
of the p-meson leading-twist DA, the D — p TFFs, and
the semileptonic decays D — pl*v,. In Sec. III, we
present the numerical results and discussions on the ¢-
moments, D — p TFFs, and D — pf*v, decay widths and
branching ratios. Section IV is contains a summary.

II. THEORETICAL FRAMEWORK

To derive the sum rules of p-meson leading-twist lon-
gitudinal DA ¢-moments, we adopt the following correla-
tion function (also known as the correlator):

(z,q) =1 / d*xe " (O|T{,,(x)J; (0)}[0)

=(z-q)"1(q"), (1)

1) Chiral current LCSR approach will be introduced in the next section of this paper

where the current J,(x) = d£(iz- D)"u(x) with 2> = 0. After
taking the standard QCDSR calculation procedure within
the framework of BFT [50], we obtain an expression for
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where m, and f, are the p-meson mass and decay con-
stant, respectively, s, is the continuum threshold, m, and
m, are the current quark masses of the u and d quarks, re-
spectively, M is the Borel parameter, (Gq) with g = u(d) is
the double-quark condensate, (@,G?) is the double-gluon
condensate, (g;goTGq) is the quark-gluon mix condens-
ate, (g2fG®) is the triple-gluon condensate, and (g,Gq)*
and (g?gq)* are the four-quark condensates, respectively.
In addition, « =(5s)/{gq) with the double s quark con-
densate (5s). By taking n =0 for Eq. (2), the SR of the
zeroth-order &-moment <§0>sz can be obtained as

0\l )2 £2 q
% _ é(l —e ™My 4 (my +m,) (5313;2
(@,G? 1 1 (8:g0TGq)
ey T2n 18T Gy
4 (.49  (82q9)* 2+K

81 (M?)3 (M?)? 48672

X [—50(—1n1Z[22) +105]
3)

Eq. (3) indicates that the zeroth-order &-moment
<g°>!;p in Eq. (2) cannot be normalized in the entire Borel
parameter region. The main reason for this is because the
contributions from vacuum condensates larger than di-
mension-six are truncated normally. As discussed in Ref.
[50], a more accurate and reasonable SR for the nth-or-
der &-moment (§">g;p should be
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\/ (<§:O>g;p)2|From Eq. (3)

However, to describe the behavior of the p-meson
leading-twist longitudinal DA, we take the following
DSE model for ¢}, (x.u0) [57, 58]:

0. @)

Pl (rp) = NIx(1= 01" [1+8C52x -1, ()

where a_ = a—1/2, and N =4°T(a+ 1)/[ yal(a +1/2)] is
the normalization constant. In this notation, the Gegen-
bauer polynomial series is considered the most accurate
form for describing the meson DA. Unfortunately, one
cannot obtain all Gegenbauer moments in principle.
Therefore, a truncated form of the Gegenbauer polynomi-
al series (TF model) is typically used to approximately
describe the behavior of the meson DA in the literature.
However, the TF model is not an ideal model for describ-
ing the behavior of meson DAs, because it truncates at
the lowest Gegenbauer coefficient. In fact, the DSE mod-
el is still a truncated form of the Gegenbauer polynomial
series. The difference between these two models is that
the DSE model is based on the C{-basis, whereas the TF
model is based on the C3/>-basis. In addition, the factor
[x(1 —x)]* in the DSE model can adjust and compensate
for the impact caused by truncation to a certain extent.
Another advantage of the DSE model is that, as men-
tioned in Ref. [58], it can reduce the introduced spurious
oscillations.

Next, to obtain the D — p TFFs, we can take the fol-
lowing correlation function:

H#(P, q) — i/d4xeiq-x

X (p(p, ONT{G1 (x)y, (1 —ys)c(x), ji (0) }10), (6)

where j5(x) = ig2(x)(1 —ys)c(x) is the left-handed current.
As we know, there are fifteen DAs for a vector meson up
to twist-4 accuracy, and the left-handed chiral current can
reduce the uncertainties from chiral-odd vector meson
DAs with 6%%-order and leave the chiral-even with a 6'3-
order meson. The relationships are listed in Table 1. In

Table 1. p-meson DAs with different twist-structures up to
5%, where 6 = m,/m..

twist-2 twist-3 twist-4
O ¥y
J If) (€)) & ¢!;P’ l//|3|:p’ q)é_:/) ¢4J1_;p’ w‘tp ’ T‘tp’ itp
o' ¢g;p ¢§;p’ %L:p’ (Dg:p’ (i)3l;/~1
NG Sh oV,

this table, except jh(x), the current j®(x) respects the
right-handed current with the expression j&(x) =ig,(x)x
(1+7s)c(x), as researched in our previous study [15]. The
parameter 6 ~m,/m.~52 % [59, 60]. Meanwhile, the
chiral current approach has been considered in other stud-
ies [61—66], which improves the predictions of the LCSR
approach.

Based on the procedures of the LCSR approach, we
obtain the expressions of the D — p TFFs A;,(¢*) and
V(¢?) LCSRs with the left-handed current in the correlat-
or. The analytic formulas are similar to the B — p TFFs
of our previous study [45], which replace the input para-
meter of the B-meson with a D-meson, such as mp — mp,
fz = fp, my = m.. The detailed expressions can be writ-
ten as follows:

2 Il
2m;my, fp

1
em%/Mz { / dl e—x(u)/Mz
mp, fp(mp +m,) 0o U

2

m: ~
X {®(6‘(M,So))¢3ﬁp(u)— 5 0(c(u, So))C,'q(u)}

AlgD) =

uM?

1
—mﬁ/DQ/dve_‘Y(X)/MZW O(c(X, 50))

x [0 @)+ L, @] |. )

Az(qz) =

mZmy, (mp + my) f! e {2 ! du
mip fo o U

x e M {L O(c(u, 50)) Al (u) + m,

uM? s uM*

2.2 =
i’ é(c(u,so»BL‘,(u)}

X 6(c(u, 50))Ch(w) + Dt MO

, 1
+m? / Da / dve=s/M? g ©CXo50)

x [mg;p@@!;,,@]}, .

2 Il 1
V(qZ) — m‘:mp(mD +mp)f;7 emi)/M2 / due—&(u)/M2
2mpfo 0

1 -
X - O, SO, (1), 9)

where s(0) = [m; —6(¢q” —om;)1/o with = 1-0 (o repres-
ents u or X), and X = a; +vas. f) represents the p-meson
decay constant, and  c(u,s) = uso—mj +itg* — uim;.
O(c(o, 50)) is the usual step function, and the definitions
for O(c(u, s0)), 6(6(,4,50)), and O(c(u, s,)) can be found in
our previous study [45]. The combined p-meson DA
Aﬂ(x), BL',(x), and Cl‘,(x) have the expressions
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Al(x) = / dvleh, (v) — 3, (V)]
0
Bl(x) = / deqsLL,,(v)

Clx) = / dv / dwlyl,, (W) + @5, (W) —2¢3, ()] (10)

which originate from the definition of the chiral-even
two-particle DAs [60]. From Egs. (7), (8), and (9), we can
see that only ¢'3-order DAs have contributions to TFFs
with a left-chiral correlation function. Conversely, 6®2-or
der DAs do not have contributions, which also indicates
that transverse twist-2 DAs have no contribution to
Ai2(¢*) and V(¢*). Furthermore, the twist-3 DAs
Y3, (X1, ¢35, (x,u) , and All(x,u) can be related to ¢g;p dir-
ectly using the Wandzura-Wilczek approximation [67,
68],

o o) = & V ¢z,,(v 1) / ¢, (Vv 1)
U (xot) = {‘/ ¢(vm x/‘ e ?“1,
Al = { / Pry (Vo) (v u) . / ¢2,,(v o)

Moreover, there have two ratio ry=V(0)/A;(0) and
¥, = A5(0)/A,(0) based on the TFFs A;,(¢*) and V(g?),
which have less uncertainties between the different ap-
proaches.

Next, we turn to the physical observables for the
semileptonic decay D — pl*v,. Therefore, we introduce
the longitudinal and transverse helicity decay widths,
which are composed in terms of three helicity form
factors Hy.(q?)

s

. (1D

G%‘Cklvcd|2 s

=
19213 m

Ag?)

2
m?

x {|H.(q >|2+|H (P +IHoP},  (12)

where the constant C = 1 for D° — p~¢*v, and C, = 1/ V2
for D — p°¢*v,. Other parameters and expressions have
the following definitions: Gy = 1.166 x 10~ GeV™* is the
Fermi constant, A(¢*) = (mj,+m}—q*)* —4mpm’ s the
phase-space factor, and ¢2,, = (mp—m,)* is the small re-
coil point of the D — p transition. The three helicity form
factors H.(¢*) and Hy(g?) are mainly separated by the
transition amplitude with a definite spin-parity quantum
number, which can be found in our previous study [15].
Meanwhile, the longitudinal and transverse helicity amp-
litudes are expressed as I''=T*+I", T*=T° | and
[ =T“+TT". The helicity form factors Hy.(¢*) can be cal-

culated by relating them to the Lorentz orthogonal form
factors A;,(¢*) and V(¢?) via the following definition:

HA) = e mpa ) LDy, ay)

7Y

and

1
Ho(q*) = 2 T [y =2 = ) omp +m,)A (4
74

Aq?)

mp +m,

Ax(g))]. (14)

III. NUMERICAL ANALYSIS

To perform the numerical calculation, we take
fo=210£4MeV [40, 69], m,=775.26+0.23 MeV, the
current quark masses m, =2.16703 MeV and m, =
4.67701 MeV  [70], the vacuum condensates (gq) =
(=2.417*9%271yx 1072 Ge V2, (géqo-TGq> = (—1.9347018%)x
102GeV>, (g,q9)* = (2. 082i8 %107 GeV®, (g2gq)* =
(7.420t§ggg)><10 GeV®, (a,G*) =0.038+0.11 GeV*, and
(g2fG)~0.045GeV®, and «=0.74+0.03 [50, 71, 72].
Among these, the current quark masses and vacuum con-
densates except the gluon condensates are scale depend-
ent and have above values at u =2 GeV. For the scale
evolution of these inputs, refer to Ref. [50]. For the de-
tailed calculation in this study, we take the scale u= M as
usual. By requiring that there be a reasonable Borel win-
dow to normalize <§°>g;p with Eq. (3), we obtain the con-
tinuum threshold as s, = 2.1 GeV>.

Now, we can obtain the &-moment versus the Borel
parameter. Furthermore, we can determine the Borel win-
dow and then the value of the nth &~moment (f”)ﬁw based
on the well-known criteria that the contributions of the
continuum state and dimension-six condensate are as
small as possible and the value of (§”>g;p is stable in the
Borel window. Specifically, the continuum contribution
is not more than 30% for all of the nth-order, and the di-
mension-six contribution of <§">Q;p is less than 2% for
n=(2,4) and 5% for n = (6,8,10). Note that only the even
order {-moments are nonzero owing to isospin symmetry.
The &moments versus the Borel parameter and the ob-
tained Borel windows are shown in Fig. 1, where the
shaded areas are the Borel windows for n= (2, 4, 6, §,
10).

Then, the values of (§”>g;p|u up to the 10th-order with
four different scales = (1.0, 1.4, 2.0, 3.0) GeV and the
second Gegenbauer moment ag;p can be obtained, which
are shown in Table 2. Here, we only calculate the values
of the first five non-zero £&~-moments because, as shown in
Ref. [57], these moments are sufficient to determine the
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Fig. 1. (color online) p-meson leading-twist longitudinal DA
moments (f”)g; , With n=(2,4,6,8,10) versus the Borel para-

meter M? and the corresponding Borel windows, where all in-
put parameters are set as their central values.

behavior of the DA qﬁg;p(x, ). As a comparison, the other
theoretical predictions obtained using QCD SRs [21-26],
LQCD [27-30], AdS/QCD [31, 32], data fitting [35, 36],
LFQM [39], and DSE [41] are also shown in Table 2.
Our second moment is less than the QCD SR predictions
in Ref. [21, 23, 26], the LQCD calculations [27—30], and
DSE result [41] and larger than the QCD SR predictions
in Refs. [24, 25] but very consistent with the value from

QCD SRs in Ref. [22], the AdS/QCD prediction [31, 32],
and the value extracted from the HERA data on diffract-
ive p photoproduction [35, 36].

By fitting our values of (¢")}, with n=(2,4,6,8,10)
shown in Table 2 using the least squares method (where
the model parameters o and @ are taken to be the fitting
parameters, and for a specific fitting procedure, refer to
Ref. [50]), the behavior of the p-meson leading-twist lon-
gitudinal DA can be obtained. The model parameters o
and @ of our DA and the corresponding x2;,/ns and
goodness of fit P,» —at several typical scales, such as
1 =(1.0,1.4,2.0,3.0)GeV , are exhibited in Table 3. The
curve of the p-meson leading-twist longitudinal DA is
shown in Fig. 2. Other predictions in Refs. [25, 41, 46]
are also shown for comparison. Our curve is closer to the
asymptotic form. In addition, we use the TF model

PP p) = 6x(1 - ) [1+a37 G 2x - 1) + a4 €7 (2x - 1)

to fit our values of the &~-moments of the p-meson lead-
ing-twist longitudinal DA shown in Table 2. The results
indicate that the goodness of fits for the DSE model ex-
hibited in Table 3 are close to those of the TF model at
u=1GeV but better than those of the TF model at
p=(14,2.0,3.0)GeV. For example, a5 =0.040, a5’
=0.054, xpin/na=0.657635/3, and P, =0.88312 at
1 =2GeV. The curve of the TF model pmg 2 GeV is also
shown in Fig. 2. We find that the curve of the DSE mod-
el is smoother than that of the TF model. Thus, we use

Table 2. Our predictions for the first five nonzero-order &~-moments <§”>gw with n=(2,4,6,8,10) and the second-order Gegenbauer
moment a;“" of the p-meson leading-twist longitudinal DA, compared with other theoretical predictions.
p/GeV @h, @l @4, @l &0, af
This study 1.0 0.220(6) 0.103(4) 0.0656(50) 0.0457(35) 0.0346(28) 0.059(18)
This study 1.4 0.217(5) 0.100(3) 0.0623(40) 0.0428(29) 0.0320(23) 0.051(16)
This study 2.0 0.215(5) 0.0986(31) 0.0603(35) 0.0411(25) 0.0304(20) 0.045(14)
This study 3.0 0.214(4) 0.0972(28) 0.0587(30) 0.0397(22) 0.0292(18) 0.041(13)
QCD SRs [21] 1.0 - - - - - 0.18(10)
QCD SRs [22] 1.0 0.227(7) 0.095(5) 0.051(4) 0.030(2) 0.020(5) -
QCD SRs [23, 26] 1.0 - - - - - 0.15(7)
QCD SRs [23, 26] 2.0 - - - - - 0.10(5)
QCD SRs [24] 1.0 0.216(21) 0.089(9) 0.048(5) 0.030(3) 0.022(2) 0.047(58)
QCD SRs [25] 2.0 0.206(8) 0.087(6) - - - 0.017(24)
LQCD [27] 2.0 0.237(36)(12) - - - - -
LQCD [28, 29] 2.0 0.27(1)(2) - - - - -
LQCD [30] 2.0 - - - - - 0.132(27)
AdS/QCD [31, 32] 1.0 0.228 - - - - -
Data fitting [35, 36] 1.0 0.227 0.105 0.062 0.041 0.029 -
LFQM [39] 1.0 0.21,0.19 0.09,0.08 0.05,0.04 - - 0.02,-0.02
DSE [41] 2.0 0.23 0.11 0.066 0.045 0.033 -
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Table 3.
fitting using the least squares method and the corresponding

Model parameters o and a> of our DA obtained by

Xmin/na and goodness of fit P> at several typical scales, such
as u=(1.0, 1.4, 2.0, 3.0) GeV.

Table 4. D —p TFFs A;2(¢%) and V(¢?) at the large recoil
region ¢> =~ 0. The errors are squared averages of all the men-
tioned error sources. As a comparison, we also present predic-
tions from various other methods.

I a a Xin/ P,
1.0 0.625 -0.516 0.957/3 0.812
14 0.678 —-0.448 0.488/3 0.922
2.0 0.721 —0.398 0.259/3 0.968
3.0 0.709 —0.427 0.141/3 0.987
2.0 T T T T
164 i
> 121 S BN ]
o 1 : 8 ]
é 4 -
_5 084 —— This Work ST
< i 7 —— TF Model \\*\ i
g - -~ Asymptotic Form R \\ B
044 1/ W\
1 l// \\\
4/ ---- Algebraic Model 4
0.0 — T T T T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
X
Fig. 2.  (color online) Curve of our p-meson leading-twist

longitudinal DA. As a comparison, the DA curves obtained
using the DSEs [41], QCD SRs [25], algebraic model [46],
asymptotic form, and fitting with the TF model are also
shown.

the DSE model instead of the TF model in this study.

Furthermore, to calculate the D — p TFFs, the input
parameters should be clarified. The current charm-quark
mass is m. = 1.27+0.02 GeV, and the D-meson mass is
mp = 1.869 GeV [70]. Based on the three criteria for de-
termining s, and M? in the LCSR approach, which can be
found in our previous study [51], we have s;' =7.0+
0.1 GeV?, 55> =6.0+£0.1 GeV?, s =7.0+0.1GeV>, M3 =
1.45+0.05 GeV?, M3 =1.20+0.05GeV?, and M} =2.15+
0.05 Ge V2. Then, the TFFs at the large recoil region, i.e.,
A;2(0) and V(0) , are present in Table 4. The uncertain-
ties originate from the squared average for all the input
parameters. In Table 4, the predictions from theoretical
group and experimental collaborations, i.e., the CLEO
collaboration [3], 3PSR [6], HQEFT [7, 8], RHOPM [9],
QM [10, 11], LFQM [12], and HMyT [18], and lattice
QCD predictions [19, 20] are presented. A comparison of
all the results in Table 4 indicates that the TFFs of our
prediction are consistent with those of many approaches
within errors.

The ratios between different D — p TFFs, i.e., r, and
rv, are shown in Fig. 3. Here, the results from the CLEO
collaboration [3], HM,T [18], LFQM [12], HQEFT [7],

A1(0) Az(0) V(0)
This study 0.498+5:014 0.46015:05 0.80070913
CLEO2013 [3] 0.56(1)*02 0.47(6)(4) 0.84(9)*50
3PSR [6] 0.5(2) 0.4(1) 1.0(2)
HQETF [7] 0.57(8) 0.52(7) 0.72(10)
LCSR [8] 0.599+0:033 0.372+0:0% 0.801+9044
RHOPM [9] 0.78 0.92 123
QM-I [10] 0.59 0.23 1.34
QM-II [11] 0.59 0.49 0.90
LFQM [12] 0.60(1) 0.47(0) 0.88(3)
HMy T [18] 0.61 0.31 1.05
LQCD [19] 0.45(4) 0.02(26) 0.78(12)
LQCD [20] 0.65(15)7924 0.5931)*)28 1.07(49)(35)

3PSR [6], QM [10, 11], and CCQM [17] are presented
for comparison. From the figure, we can reach the follow-
ing conclusions:

e Our predictions within uncertainties are in the re-
gion of the CLEO collaboration results.

e In terms of the central value with respect to uncer-
tainties, our results for r, agree with the QM, LFQM,
3PSR, and CCQM for theoretical predictions. r, agrees
with the QM and 3PSR predictions.

e The uncertainties of our predictions are (12.9% ~
14.4%) for r, and 4.4% for ry, which indicates that this
method can obtain applicable results in the confidence
level. Because the predictions from the left-handed chiral
current LCSR approach are mainly obtained at leading
order for a strong coupling, we will consider the possible
uncertainty/pollution from the axial-vector current in sub-
sequent studies.

Using the resultant TFFs in the large recoil region,
their behavior in the entire physical region, i.e., g}, € [0,
1.18] GeV? should be obtained. It is known that the LC-
SR predictions are suitable in low and intermediate mo-
mentum transfer. Therefore, a rapidly converging series
based on z(f)-expansion is used to extrapolate in this
study [73, 74],

Fiq*) = =g k;;m@ -0 (15)

The formula for z(f) can be found in Ref. [73]. F; re-

063108-6



p-meson longitudinal leading-twist distribution amplitude revisited and...

Chin. Phys. C 48, 063108 (2024)

e — 0.923*0133 (This Work)
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. 0.83 (QM)
> 0.83 (LFQM)
. 0.83 +0.11 + 0.04 (CLEO)
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e 16073971 (This Work)
— 1.26 = 0.25 (CCQM)
—— 1.337*0452 (HQEFT)
. 1.48 (LFQM)
— 1.48 +0.15 + 0.05 (CLEO)
> 1.53 (QM)
. 1.72 (HMyT)

2.00 + 0.89 (3PSR)

r

Fig. 3.

1.0 1.5 2.0 2.5 3.0 35 4.0 45

ry

(color online) Predictions for the ratios » and ry within uncertainties. The results from the CLEO collaboration [3], HMyT

[18], LFQM [12], HQEFT [7], 3PSR [6], QM [10, 11], and CCQM [17] are presented for comparison.

] Ai(g®)

0.8

0.6

D — p Transition Form Factors
92]
2

¢’[GeV?]
Fig. 4. (color online) Predictions for the D — p TFFs, where
the darker bands are the results of this study using the LCSR
approach, and the lighter bands are the predictions from
simple z-series expansion parameterizations.

spects three TFFs, A;, and V. The appropriate resonance
masses are mg; =2.007 GeV for the TFF V(g*) with
JP =17 and my, =2.427 GeV for the TFFs A;,(¢*) with
JP =17, The parameters a; can be fixed by requiring
A <0.1%, where the parameter A is introduced to meas-
ure the quality of extrapolation, A=Y, |F(r)—Fi()|/
FOIX100 where e[0,1/40,---,40/40] x 0.8 GeV2.
The D — p TFFs obtained in this study using LCSRs and
the simple z-series expansion parameterization are shown
in Fig. 4. The maximal momentum transfers of the LCSR
calculation of the D — p TFFs are Aj(qgma) = 0.8837307%,

Table 5.  |V.4|-independent total decay width 1/[V4* xT, ra-
tio for longitudinal/transverse and positive/negative helicity
decay widths. For comparsion, other theoretical group predic-
tions are also given.

1/|Vea? xT et r+/r-

This study 57.87+349 1.00%0:19 0.1515:02

3PSR [6] 15.80 £ 4.61 1.31+0.11 0.24+0.03
HQEFT [7] T1+14 1.17+0.09 0.29+0.13
RHOPM [9] 90.83 0.91 0.19

QM [10] 88.86 1.33 0.11
LQCD [19] 54.63+12.51 1.86+0.56 0.16
LQCD [20] 71.75 1.10 0.18

Ax(Gmax) = 0.61175192 "and V(gmax) = 2.08275:9%9.

After obtaining the extrapolated TFFs of the trans-
ition D — p, we find the CKM-independent total decay
width 1/|V[* xT'. Combining the ratio of the longitudin-
al/transverse and positive/negative helicity decay widths,
we present the predictions in Table 5. The 3PSR [6],
HQEFT [7], RHOPM [9], QM [10], LQCD [19], and
LQCD [20] results are given for comparison. As shown
in Table 5, there are large differences between the total
decay widths from the different theoretical groups, and
our results agree with the lattice results within uncertain-
ties. Our predicted longitudinal/transverse helicity decay
width agrees with those of HQEFT and LQCD within un-
certainties, which is larger than 1. Our positive/negative
helicity decay width agrees with that of the QM and
LQCD within uncertainties.

Lastly, the branching fractions for the two types of
D — pl*v, semileptonic decays are calculated. The first is
the D°-type, including the D°—p e'v, and D°—
p v, decays, for which the lifetime 7(D%) =0.410+
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Table 6.

Branching ratios of the semileptonic decays D° — p~¢*v, and D* — p°¢*v, (in units of 1073). For comparison, we also

present the results from experimental collaborations and theoretical groups.

Decay Mode D% = p=etv, D* — pletv, DO — p=uty, D* — pOuty,
This study 1.825%0:179 £ 0.004 2.299+021% +0.011 1.816*018 +£0.004 2.28870212£0.011
BESIII [1] - - 1.35£0.09+0.09 -

BESIII [2] 1.445+0.058 +:0.039 1.860+0.070+0.061 - -

CLEO2013 [3] 1.77+£0.12+0.10

0.12 — —
2.17+0.127912

CLEO2005 [4] 1.94+0.39+0.13 2.1£0.4=0.1 - -
3PSR [6] 0.5+0.1 - - -
HQEFT [7] 14203 - - -
LCSR [8] 1.81+0-18 2.29+033 1.73+0.17 2.20*931
NWA [75]+HQEFT [8] 1.67+0.27 2.16+0.36 - -
NWA [75]+LFQM [12] 1.73+0.07 2.24+0.09 - -
LFQM [13] - - 1.7£0.2 -
LCSR [14] 1.74+0.25 2.25+0.32 1.65+0.23 2.14=0.30
CCQM [17] 1.62 2.09 1.55 2.01
HMyT [18] 2.0 2.5 - -
ZUA [76] 1.97 2.54 1.84 2.37
RQM [77] 1.96 2.49 1.88 2.39
ISGW2 [78] 1.0 1.3 - -

0.001 ps should be used. The second is the D*-type, in-
cluding D* — p%*v, and D* — p’u*v,, associated with
7(D*) =1.033+0.005 ps [70]. The CKM matrix element
[Veal = 0.225+£0.001 [69]. We present the predictions in
Table 6, where the two uncertainties mainly arise from
the squared average of the theoretical input parameters
and the experimental uncertainties from the D-meson life-
time. For comparison, the theoretical results from the
3PSR [6], HQEFT [7], narrow width approximation
(NWA) [75] with the HQEFT [8] and LFQM [12] ap-
proaches, LCSR [8, 14], LFQM [13], CCQM [17], chiral
unitarity approach (yUA) [76], RQM [77], HMyT [18],
ISGW2 [78] and experimental results from the BESIII
collaboration [1, 2] and CLEO collaboration prediction in
2013 [3] and 2005 [4] are also given. The results show
that:

e The results obtained using our left-handed chiral
LCSR approach are consistent with those obtained using
other LCSRs within uncertainties.

e Qur current results are consistent with those of the
CLEO collaboration but are larger than the BESIII col-
laboration predictions.

e Our results are consistent with those of other theor-
etical groups, such as the NWA, LFQM, HQEFT, yUA,
RQM, and HMyT, but have a smaller gap when com-
pared with the 3PSR, HQEFT, yUA, and ISGW?2 results.

IV. SUMMARY

In the framework of BFT with the QCD SR approach,
we calculate the &-moments of the p-meson leading twist
longitudinal DA. Because the zeroth &-moment cannot be
normalized in the entire Borel region, a new SR formula
for the &-moment is given in Eq. (2). The results up to the
tenth order with the scale u=(1.0,1.4,2.0.3.0) GeV? are
presented in Table 2, where the results from other theor-
etical group are also given. Next, we present the D —
pTFFs in the large recoil region, i.e., A;(0), A,(0), and
V(0), in Table 4 and the ratio r, in Fig. 3, which indic-
ate that our results are reasonable and consistent with
those of many approaches within errors. Subsequently,
we calculate the |V.4|-independent total decay width and
the ratio for the longitudinal/transverse and positive/neg-
ative helicity decay width results and present them in Ta-
ble 5. A detail discussion comparing our results with oth-
er predictions is presented. Finally, we show the branch-
ing fraction of the two types of D — pf*v, semileptonic
decays in Table 6. In the near further, we hope that more
accurate data will be reported and more theoretical res-
ults will be given to explain the gaps between different
approaches.
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