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Abstract: The internal structure of the light scalar state ag(1450) has not been definitively determined; it may com-
prise multiple possible configurations. Among these, it may be regarded as a gg state. Based on this possibility, we
use QCD light-cone sum rules to study the semileptonic decay process D — ag(1450)¢v, with £ = (e,u) and to test
this hypothesis. First, we construct two twist-2 light-cone distribution-amplitude schemes based on the light-cone
harmonic-oscillator model, and present their moments (£")|, and Gegenbauer moments a,(u) at up =1 GeV and
ur=14GeV for n=(1,3,5). In the large-recoil region, we obtain the transition form factors (TFFs):

iSI)(O) = 0.836f8:Hg, isz)(O) = O.767t8;i8§, and f-(0)= 0.630f8:8;§. A simplified series expansion z(g2,7) is used
to extrapolate the TFFs to the entire physical ¢> region. For ¢> = 10™> GeV?, we compute the angular distribution of
the differential decay width dI'/dcosf; over the range cos8, € [-1,1]. Subsequently, we obtain the differential de-
cay widths and branching fractions for D — a((1450)~¢*v; and D~ — ay(1450)°¢~v,, with branching fractions of
order 1070, Finally, we analyze three angular observables for the semileptonic decay process D~ — ag(1450)%¢ v,
the forward—backward asymmetry Arg, the lepton polarization asymmetry A,,, and the ¢*-differential flat term
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I. INTRODUCTION

Over the past few decades, with the steady improve-
ment in measurement precision of hadronic decay pro-
cess by BESIII, LHCb and Belle II, the study of light
scalar state decay properties has gradually become an im-
portant focus in hadron physics. As a typical isovector
light scalar state above 1 GeV, qy(1450) (with
JF€ =0%*, I =1) has long been controversial regarding its
fundamental structure. Up to now, many possible explan-
ations for its internal components have been proposed, in-
cluding traditional ground ¢g states [1-5], tetraquark
states (gqqq) [6, 7] and hybrid states [8]. This makes
ap(1450) one of the challenging topics in nonperturbative
quantum chromodynamics (QCD). Based on the accumu-
lating experimental data, two widely discussed classifica-
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tion scenarios for scalar states have been proposed: In the
first picture (P1), light scalar states such as
£0(980), a¢(980), and K;(700) are regarded as ground gq
states, while the nonet states around 1.5 GeV (such as
ap(1450), and K;(1430)) are interpreted as their first radi-
al excited states. In the second picture (P2), the states
such as f,(1370), ao(1450), and K;(1430) are treated as
lowest-lying P-wave ¢g states, whereas the nonet states
below 1 GeV are viewed as tetraquark bound states [9,
10].

Currently, more experimental and theoretical studies
tend to support the P2 scenario. For scalar states below 1
GeV, experiments (e.g., BESIII [11-14] and CLEO [15])
suggest that their internal structure are not simple ground
qq states based on measured data. Instead, these states are
more likely to be described as a tetraquark state or a
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mixed state. Moreover, the review ' "Scalar Mesons be-
low 1 GeV" provided by the particle data group (PDG)
points out that scalar states (f(500)/0, K;(700)/k,
f0(980), a¢(980)) below 1 GeV are more likely a nonet
dominated by tetraquark components, rather than tradi-
tional ground ¢g state [16]. As for the scalar state
ag(1450) above 1 GeV, it is regarded as the lowest-lying
P-wave ¢qg state in P2 scenario, this view has been sup-
ported by many studies. For example, in pp annihilation
experiments, Crystal Barrel collaboration made the first
measurements of branching fractions for
aop(1450) — 7, KK, my. The results are consistent with
the expectations from flavor SU(3) symmetry for conven-
tional ground ¢g states, thereby classifying a,(1450) as a
member of the scalar state nonet [17]. Lattice QCD calcu-
lations show that the mass of a,(1450) is about 1.42 GeV.
The result is obtained by analyzing the correlation func-
tion of the Yy interpolating field and subtracting the con-
tribution from the n’zm ghost state, which is consistent
with expectations for conventional ground ¢g states [18].
In addition a,(1450) resonance is explicitly regarded as a
conventional low-lying P-wave ¢g state within frame-
work of the naive quark model. Based on this, the au-
thors further investigated decay chain
Jy — yn. — yr°ay(1450) — yn®ag(980) f5(500) . and  ob-
tained a branching ratio of the order of 107°, This result is
consistent with the expectations of lattice QCD calcula-
tions [19, 20]. It is worth noting that the latest review by
PDG explicitly notes that scalar states below 1 GeV such
as ao(980)) tend to exhibit tetraquark characteristics,
while above 1 GeV (such as qy(1450)) are more closely
consistent with conventional ground ¢g states [21]. This
is consistent with the description of P2 scenario. Further-
more, in quantum field theory, the contributions of differ-
ent Fock states in scalar meson vary with the energy scale
is determined by the QCD color transparency mechanism.
At the higher energy scale of B-meson decays, the struc-
ture is dominated by the lowest-order ¢g valence quark
state, with higher Fock states being significantly sup-
pressed. In contrast, at the lower energy scale of charmed
meson decays, the contributions from higher Fock states
such as multiquark configurations cannot be ignored
[22—24]. This characteristic has been verified in study of
the f,(980)-meson [25]. Nevertheless, the leading-order
qq contribution remains the core starting point of the Fo-
ck state expansion. This work is based on the leading-or-
der ¢g structure of ay(1450) to carry out research.

The width of ay(1450) has also been measured in sev-
eral experiments. For instance, the University of Notre
Dame and Argonne National Laboratory used the Ar-
gonne ZGS accelerator to study reaction n~p — nKyK?,
and measured the width of ay(1450) state to be
T4pa4s50) = 79+ 10 MeV [26]. OBELIX Collaboration per-
formed a partial-wave analysis of pp annihilations at rest
into K{K*n~ and K)K n* final states, obtaining a width

of Tuas0 =80+£5MeV [27]. Recently in 2019, Belle
Collaboration analyzed two-photon fusion process
vy — nn® and observed a scalar resonance consistent with
ao(1450) in this process. After fitting results, the decay
width is obtained to be T, 450 = 65.073, 755 MeV [28].
Based on the above discussion, both experimental and
theoretical results provide the possibility to classify it in-
to the P2 scenario. Therefore, the light scalar ay(1450)
state can be regarded as conventional ground ¢g state. In
this context, it is meaningful to probe the internal struc-
ture of light scalar ay(1450)-state via semileptonic decay
process D — ay(1450)¢v,, and this is one of the important
motivations for this work.

As the lightest particle containing a charm quark (c-
quark), semileptonic decays of D-meson have a simpler
decay mechanisms and final state interactions, which can
provide an ideal platform for investigating the properties
of ¢gg state. On the experimental side, the BESIII
[29-36], BaBar [37], Belle [38], and CLEO collabora-
tions [39—43] have measured some semileptonic decay
processes involving D-mesons. Among them, BESIII col-
laboration made the first experimental observation of a
semileptonic decay process involving light scalar state
a9(980). Utilizing an e*e™ collision collected at a center-
of-mass energy of 3.773 GeV, corresponding to an integ-
rated luminosity of 2.93 fb~!, BESIII reported the obser-
vations of decays D° — ay(980)"¢e*v, and
D* — ay(980)°¢*v,. The measured absolute branching
fractions are on the order of 107, with significance of
these observations reached 6.4 o~ and 2.9 o, respectively
[32]. Compared with the increasing experimental and the-
oretical studies on light scalar state such as a((980), ex-
perimental data for the heavier ay(1450) remain scarce,
and semileptonic decay process D — an(1450)¢{v, has not
been measured experimentally. This lack of data limits
our understanding of the internal structure of light scalar
states and their classification within the hadronic spec-
trum. In this regard, the semileptonic decay process
D — ay(1450)¢v, with the ay(1450) in the final state can
provide valuable insights into the intrinsic properties of
scalar states.

Theoretically, the heavy to light transition form
factors (TFFs) in semileptonic decay processes are con-
ventionally computed using nonperturbative approaches.
Currently, several theoretical methods have been de-
veloped to study the D — a,(1450) TFFs. For instance, in
2011, R. C. Verma employed the covariant light-front
quark model (CLFQM) to investigate a((1450) decay
constant and D — ay(1450) TFFs [44]. Additionally, both
relativistic quark model (RQM) and LCSR approaches
are matching the P2 scenario and calculated
D — ay(1450) TFFs f.(g*) [45, 46]. However, these two
theoretical frameworks differ. RQM calculates the quark-
antiquark bound state wave function using a quasipoten-
tial approach and takes relativistic corrections into ac-
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count. In contrast, the latter focuses on twist-2 light-cone
distribution amplitudes (LCDAs) and uses Gegenbauer
polynomial expansion to describe its behavior. De-
veloped in 1980s. LCSR approach effectively combines
the SVZ sum rules (SVZSR) with theory of hard exclus-
ive processes [47, 48]. It is widely regarded as an ad-
vanced and well-established tool for handling heavy-to-
light transitions [49—52]. Compared with traditional SVZ
sum rules, the LCSR approach can parameterize nonper-
turbative contributions in terms of LCDAs, which allows
for the quantification of higher-twist nonperturbative cor-
rections. This method only involves a single Borel trans-
formation and dispersion relations, optimizing computa-
tional steps. Consequently, the LCSR approach is adop-
ted in this work to investigate semileptonic decay pro-
cess D — ay(1450)¢v,. Furthermore, compared with previ-
ous LCSR analysis [46], the TFF in our work account for
contributions from both aq(1450) state twist-2 and twist-3
LCDAs.

As an important nonperturbative parameter in the
transition process D — a((1450), the ay(1450) state twist-
2 LCDA plays an key role in determining behavior and
precision of TFFs, and it incorporates long-range QCD
dynamics at low energy scales. Therefore, one have also
paid great attention to determining the precise behavior of
its twist-2 LCDA. Conventionally, the a(1450)-state
twist-2 LCDA can be expanded in terms of Gegenbauer
series, and a truncated form retaining-only the first few
terms is commonly adopted [53]. These coefficients of
Gegenbauer series (also called Gegenbauer moments) can
be calculated using the QCD sum rules method. Further-
more, to provide a new phenomenological perspective on
the internal dynamics information of ay(1450) state, we
can also construct its twist-2 LCDA through light-cone
harmonic oscillator (LCHO) model. This model is based
on brodsky-huang-lepage (BHL) prescription and incor-
porates Wigner-Melosh rotations, which together consti-
tute theoretical basis of the framework. Meanwhile, it
connects equal-time wave functions in the rest frame to
light-cone wave functions in the infinite-momentum
frame, thereby transforming them into a relativistic form
expressed in light-cone coordinates. LCHO model can
also describe the spatial component and spin component
of wave function at the same time, which provides an ef-
fective characterization for the momentum distribution
internal the meson [54]. This makes it suitable for applic-
ations to D — an(1450) TFFs. Furthermore, we adopt two
distinct longitudinal correction functions ‘P(aiiiizs)o)(x) in
twist-2 wavefunction to form two twist-2 LCDA schemes
for ag(1450) state. By comparing observables of the
semileptonic decay process D — ag(1450)¢v, calculated
under two schemes, we can not only test standard model
(SM) but also help examine the reliability and feasibility
of our LCHO model.

The remaining parts of this paper are organized as fol-

low. Section II presents the expressions for D — ay(1450)
within the LCSR framework. Meanwhile, based on the
LCHO model, we construct two twist-2 LCDA schemes
of ap(1450), and calculate the moments (¢")|, and the Ge-
genbauer moments a,(u). In Section III, we present nu-
merical analyses and discussions, including TFFs, angu-
lar distributions, decay widths, decay branching fractions
and three angular observables. In Section IV, we con-
clude this paper with a brief summary.

II. THEORETICAL FRAMEWORK

Assuming that the light scalar state a((1450) can be
regarded as a ¢g state, it exists in three charge configura-
tions with the following quark compositions, respect-
ively: ap(1450)* = ud, ay(1450)" = du, and
ay(1450)° = (uit — dd)/ V2. The differences among them
arise from their distinct quark—antiquark flavor composi-
tions.” Here ~we take the semileptonic decay
D~ — ay(1450)°¢~v, as an example. Its basic mechanism
is illustrated by the Feynman diagram shown in Fig. 1, in
which the anti-charm quark ¢ transitions to an anti-down
quark d via a virtual W~ boson. Subsequently, the W~ de-
cays into an e~ and a v,. The spectator d quark does not
participate in the weak interaction and finally combines
with the produced d to form the light scalar state
ay(1450)°. This decay process can be described by the ef-
fective Hamiltonian Hey = G£|Vealcy, (1 —ys)dly* (1 —ys)v,/
V2. At the hadronic level, by sandwiching the free-quark
amplitude between the initial and final meson states, one
can obtain the decay amplitude for the semileptonic
D — ay(1450)¢v,. This amplitude consists of a leptonic
current and a hadronic current. Since the leptonic current
does not participate in strong interactions, it can be calcu-
lated straightforwardly. In contrast, the hadronic current
involves nonperturbative effects that cannot be computed
from first principles. It is usually parameterized in terms
of a set of Lorentz-invariant hadronic TFFs, i.e.,

(ao(1450)(Pley,ysd| D(p +@)) = ~i [ fu(@)Pu+ f-(@7)q,] -
(1

9]

Fig. 1.
charged-current process D™ — ag(1450)°¢~ ;.

Feynman diagram representing the tree-level
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Thus, the complex hadronic information has been trans-
formed into a computable quantity. By integrating over
phase space, the double-differential decay width, as a
function of the squared momentum transfer and the angle
between the momenta of the a(1450) and the lepton ¢ in
the lepton-pair center-of-mass frame, can be written as:

d’T'(D = ay(1450)¢v,)
dg*dcos b,

A mj)z
256”3@210(1450) q°

X {/llf+(q2)|2 {1 - (1 - ’Zf)coszw}

+(1-

X {|fo(612)|2 +2A'PRel (@) f; (qz)]} cos Gc}, ()

2 )
M50(1450) ) ny

2 2
mp q

where Gy = 1.1663787(6) x 10°GeV 2 is the Fermi coup-
ling constant, m, is the lepton mass, and
A= A0,m 450, /My, g7 /mp) With  Aa,b,c) = a® +b*+c’—
2(ab +ac+bc). Meanwhile, the scalar TFF is related to
the traditional vector TFFs, ie. fy(¢®) = fi(g®) +¢*/
(myy—m} (1450)f-(¢%). Specifically, the isospin factor
Cap(1450) = V2 corresponds to D~ — ay(1450)°¢-v,, while
Cag1450) = 1 corresponds to D° — an(1450)=¢*v,, reflecting
the different electric charges. In general, the differential
decay width provides an important bridge between the-
ory and experiment and is also an effective means of test-
ing the SM. On the other hand, one can also focus on the
angular distribution of the differential-decay width, along
with three angular observables that are highly sensitive to
new physics, i.e., the forward-backward asymmetry
Ars(q*), the lepton polarization asymmetry A,,, and the
¢*-differential flat term Fy(¢*). For brevity, their specific
expressions are not presented here and can be found in
Ref. [55].

In order to derive the D — ay(1450) TFFs based on
the QCD LCSR, one can start from the two-point correla-
tion function from the vacuum to the final-state light
ay(1450) state,

L(p.q) =i / d*xe'"*(ag(1450)(PIT{J,(x), j1(O}0),  (3)

where the current operators J,(x) =g (x)y,ysc(x) de-
scribe the weak transition ¢ — ¢,, and j(0) = ¢iysq;(0)
represents the D-meson decay channel. Here, ¢; and ¢,
denote light quarks. This correlation function can be ana-
lyzed in different kinematic regions, allowing for a con-
sistent matching between its phenomenological represent-
ation and its theoretical expression. The procedure is as
follows: First, in the time-like ¢* region, we insert a com-

plete set of intermediate states with D-meson quantum
numbers to obtain the hadronic representation.

(p, q) = (ap(1450)1g2y,yscID){DIciysql0)
o mp—(p+q)?
N Z (ao(1450)|g2,yscID™ (D" |ciysq:|0)
- My, —(p+q)?

bl

4)

where the vacuum-to-meson matrix element is defined as
(DIciysq,10) = m3, fp /m.. With this definition, we can fur-
ther derive

m%)fD
me I:m%) - (P + f])z]
A / © dspi‘(s)pu +p1(5)q,
S0

s=(p+q)

Here, the ground-state contribution is isolated. The con-
tributions from higher resonances and continuum states
are modeled by the spectral density function pf_(s). Ow-
ing to the complexity of multi-hadron continuum states at
high energies, it is difficult to obtain an explicit analytic
expression for this function. To address this, we invoke
quark-hadron duality to relate it to the corresponding
QCD representation.

.(p.q) = [fe@pu+ f(q)q,]

)

PL_(8) = pEP()8(s — 50). (6)
Additionally, the correlation function can be computed in
the deep Euclidean region ¢? = —Q* <« 0 using the operat-
or product expansion (OPE) near the light-cone (x> = 0).
The QCD expression is then obtained by contracting the
heavy ¢ quark field to its full quark propagator.

61'/' I¢+mc +:|

k* —m?2

(N

i —=J _ d4k —ik-x
<0|C£(X)Cfg(0)|0>—l/(zn)4€ {

aB

The first term corresponds to the free quark propagator,
which provides the leading contribution. The second term
arises from the one-gluon exchange contribution, which
generally does not play a significant role in the sum rules
for TFFs and can be safely neglected. Currently, the
twist-4 LCDAs of scalar ¢g states such as ag(1450) are
still not well established. Therefore, we retain only the
twist-2 and twist-3 LCDAs in this paper, which have
been widely studied using other approaches. After substi-
tuting the free quark propagator into the correlation func-
tion, we obtain the OPE results. By applying a Borel
transformation and employing dispersion relations to
match the QCD representation with the hadronic repres-
entation, the final analytical expressions for the TFFs
within the LCSR framework can be written as
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ra 1
Me Jay(1450) / dup oS/ {_

f_'(-Sl,SZ)(qZ) — :
meD uo
2

m

2 2 2
c UM, 14500 TG

Me  (s1,52) p
— o150 (s 1) + Mag1450) X P340 1450, (Us 1) +

% d¢30;a0(1450)(’4,,u) _

Mgy (1450)

6

2.2
4umcma0(l450)

2 a
X b‘ﬁs;ao(msm(“aﬂ)— (

2y _ fa0(1450)
f-q)= "2

_ M?
d e(mD s(u))/ |:7 pao(l450)(u /1)+

where the lower limit of integration is uy = {[(s—¢*—
m20(1450))2 + 4m§0(1450)(mf - 612)]”2 —(s— qz - m§0<1450))}/(2m§0(1450)),
s(u) = (m* + uﬁmgo(mso) —iig?)/u with &= (1-u). Here, mp
and fp denote the mass and decay constant of the D
meson, respectively; m, is the mass of the ¢ quark; sy rep-
resents the continuum threshold parameter; and M? is the
Borel parameter.

As the main source of nonperturbative uncertainty in
LCSR expressions, the twist-2 LCDA of ay(1450) is a
universal nonperturbative quantity; therefore, it is appro-
priate to study it using nonperturbative QCD methods. In
general, the exploration of ¢,.,,(x,u) can be carried out by
combining nonperturbative QCD with phenomenological
models. Thus, with the z-meson wave function as a refer-
ence and the Brodsky-Huang-Lepage (BHL) hypothesis
as a starting point, we establish a specific correspond-
ence between the equal-time wave function in the rest
frame and the light-cone wave function [56, 57], which
can be expressed as follows:

Waa1450)(6, K1) = ZX;:(;?LZ%Q) (k. )‘/’50(1450) (x.ky). (10)

A1 Ay

For the spin wave function X, is0 (X-K.), the light-meson
wave function is usually transformed to the light-cone
form to obtain the complete spin wave function within the
instant-form SU(6) quark model [54, 58, 59]. Starting
from the instant form, we consider the scalar state
ap(1450) with spin § =1, orbital angular momentum
L=1, and total angular momentum J=0. In the rest
frame (q; + ¢, = 0), the spin wave function in the instant
form (T) can be obtained.

XZO(MSO) \/—(X|X2 Xz)(l (11)

where X% denotes the two-component Pauli spinor, and
the four-momenta of the two quarks are, respectively,
¢/ =(",q and ¢, =(q°,—¢q), with ¢°= \/m?>+q%. The
spin wave function is a function of the constituent quark
mass and the transverse momentum. After integrating
over the transverse momentum, the spin wave function

2. 2.2 e
Mg+ Uy 450 — 94

. des, a0(1450)(” )

) ¢§r;uo(1450>(“aﬂ))} },
()

24 22
du (m?+u M (1450) —

du ’ ©)

[
depends only on the factorization scale u. In contrast, the
spatial wave function is governed by the three free para-
meters A4, B, and a. At a fixed scale u, the twist-2 LCDA
of ag(1450) is primarily determined by the spatial wave
function, while the contribution from the spin wave func-
tion is-negligible. Therefore, we take guidance from the
spin-wave-function structure of the pseudoscalar 7 meson
and adopt an approximate form for the twist-2 spin wave
function of ag(1450). This approximation has also been
adopted in other scalar-state studies [60—62]. The instant-
form |J, s)7 and the light-cone form |J, 1) are related by a
Wigner rotation. For hadronic states with total angular
momentum J =0, this rotation reduces to the identity,
and can be written as |J,A)r = >, U/ |J,s)r. For a quark
with spin-1/2, the corresponding Melosh transformation
is given as follows:

XN(T) =
XUT) =

wl(g* +my " (F) = qry (F)],

wl(g" +my*(F) +qux' (F)], (12)
where w=12¢" @ +m] "2, qri = q1 £iq2.q" = " + .
Then, the spin wave function of the ay(1450) state can be
obtained,

Xaottasoy (k1) =Y CHGe Kk, A, i (F)x3* ().

A2

(13)

Expressed in terms of the instant-form momentum
q" = (q°, q), the component coefficient Cf(x,k,,1;,4,) can
be computed; its explicit form is:

C()):(x? kJ.’ T7 l) =

m
e,
V2 +K2)

Cg(x7kle,,T) = _z(n/:_'_kz)’
m L
ky — ik
Cg(x,kL,T,T) = —\/(2(1m2l7+21)(2)’
(ki + ik>)

C(I)T(X,kL,,l,,l): - (14)

V2m2 +K2)’
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These coefficients satisfy the following normalization re-
lation: >, , CH(x,k.,41,2)"Ci(x,k.,41,4) = 1. In addi-
tion to the ordinary helicity component (1;+ 1, =0),
higher helicity components (4;+1,==+1) also exist,
whereas the instant-form wave function contains only the
ordinary helicity component. The spin wave function can
then be defined as:

m
O (k) = -
K2 +

ESES)

Moreover, the BHL description establishes an equival-
ence between the spatial wave function W5, 450,(x.k.)
and the equal-time wave function, thereby avoiding the
complex task of solving an infinite set of coupled integ-
ral equations to determine the specific form of the wave
function. This leads us to the following result:

2 2

1 q ]
862xx 1’

l,l/ze;ao(145())(x’ K1) = A@uy14s50)(x) €Xp { - (16)

where k, denotes the transverse momentum, and 4 and
i, denote the normalization constant and the light-quark
mass, respectively [63, 64]. According to Ref. [65], the
harmonic-oscillator exponential factor exp[—(k3 + )/
(88%xx)] primarily controls the broadening in the  trans-
verse momentum k, . On the other hand, accounting for
quark spin introduces additional corrections to the longit-
udinal distribution of the distribution amplitude. To this
end, we can control the longitudinal distribution by intro-
ducing the function @, 1450)(x), which allows adjustment
of the shape in x (including endpoint behavior and width)
of the twist-2 LCDA of a,(1450). Usually, a form similar
to the traditional Gegenbauer polynomial expansion is ad-
opted. Building on this, we consider the first scheme:

(17)

(S1) _ 32 -
Pag1450)(X) = €17 (x = X),

Since the twist-2 distribution amplitude of the scalar state
ay(1450) is antisymmetric under the exchange x < (1 —x),
the zeroth Gegenbauer moment vanishes. To more com-
prehensively assess the model's applicability, we also
consider the second scheme:

P 450 (X) = (xB)"C}* (x - X).

(13)
This structure is optimized by introducing a factor (xx)”.
This factor ensures that the expression approaches the
theoretical limit (xX)* = 6xx as u — oo [66].

After integrating over the transverse momentum k,,
the final twist-2 LCDA of the ay(1450) is obtained.

A,
S1.82 = (5182
‘/’(2;50(1350)(%#) T \/523/2 ‘/X_X‘Pio(lzts)o)(x)
A2 42 2
x { Erf q M_ —Erf 13,
8B2xx 8B32xx

(19)

where Erf(x) =2/ e dx/ VT denotes the error function,
and we set 71, = 250 MeV. The model parameters in the
two amplitude schemes above can be determined using
the following criteria:

e The average value of the squared transverse mo-
mentum, (k) [67], is given by:

J dxd®k [k, PI2S 30, (x. k)P
[ dxd?k 5 so) (. K OP

(k1) = ; (20)

which is consistent with the choice in Ref. [57] for light
scalar states or light mesons.

e The Gegenbauer moments a®'5?(u) can be derived
as follows [68]:

S dxSn s (xCY2 ()
I dx6xxCYA )P

S1,S2 _
al () =

2

where & = (2x—1). In general, the properties of the twist-
2 LCDA are primarily determined by its first few terms.

For the first scheme, we adopt the first-order Gegen-
bauer moment and the average squared transverse mo-
mentum (k> ) to determine the model parameters ASY and
BSY. For the model parameters AS?, g2 and o®? in the
second scheme, we adopt (k>) and the first and third-or-
der Gegenbauer moments. For the ay(1450) twist-2
LCDA ¢(2§i(;?12§50)(x,#), the nth-order moment (£7)[5152 —
an important quantity for the nonperturbative momentum
distribution — is defined as

1
(S = / x-S . (22)
0

To facilitate comparison with the LCHO model, we also
adopt the truncated distribution amplitude of the ay(1450)
state and substitute it into our TFFs to compute the result-
ing physical observables [1].

N=3

a@)+Y_a,wC@)] .

n=1

Broo1450) (X 1) = 6% 23)

Finally, the twist-3 LCDAs of the a((1450) can be expan-
ded in a series of Gegenbauer polynomials and truncated
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to retain only the first few terms; the explicit form is as
follows [69]:

N=2
Braorasn (Gt = 1+ al()CY*(€),
n=1
N=2

s ) =6 14300 24)

n=1

Using the aforementioned twist-3 distribution amplitudes
as input parameters, we obtain the complete set of TFFs.

ITI. Numerical Analysis And Discussions

For numerical calculations, we provide the following
input parameters: the meson masses
mpo = 1864.84+0.05MeV,  mp = 1869.66 +0.05 MeV,
and  mgyas0) = 1439£34MeV; the quark masses
m(im) =1273£20MeV,  my=4.672% MeV,  and
m, =2.16£0.07MeV at u=2GeV. The decay constants
are fp=208.4%1.5MeV [70] and f, (1450, = 460 £ 50 MeV
at puo=1GeV [1]. For the D — ay(1450) transition, we
also use the corresponding energy  scale:
= y/mh—m2=14GeV. As discussed in Section II re-
garding the twist-2 LCDA model parameters, we adopt
ai(uo) =—-0.58+0.12 and (k*)"/?>=0.37 GeV for the first
scheme. For the second scheme, an additional condition
az(up) = -0.49+0.15 is imposed [1]. Based on these
choices, the LCDAs of ay(1450) are then fixed. In addi-
tion, we use renormalization group evolution (RGE) to
run these parameters to the corresponding energy scale y;
[71,72].

At the initial energy scale uy = 1 GeV, we present the
model parameters of the two LCDA schemes for the light
scalar state ay(1450), based on the typical values of a;(uo)
and (k2)1/2.

ABY =390.35, BSD =-0.724;

ABY = -17.987, B =1424, o%?=-0951. (25)

The corresponding LCDA behavior is presented in
Fig. 2. It can be seen that our predictions for the twist-2
LCDA in both schemes exhibit antisymmetric behavior,
consistent with the results from QCDSRs. Our S1 result
is also identical in behavior to QCDSR-I [1]. However,
some differences remain, likely due to the different mod-
els employed: we construct the twist-2 LCDA using the
LCHO model, whereas QCDSRs adopt a Gegenbauer-
moment polynomial expansion. Furthermore, in the cal-
culation of subsequent observables, we find that the nu-
merical results of QCDSR-I and QCDSR-II are almost
identical. Thus, in the following discussion, we adopt
only QCDSR-II for analysis.

This Work (S1)
+ This Work (S2)
QCDSR-I
QCDSR-II
Asymptotic
=
=
)
B
3
S
<
-2.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
x
Fig. 2. (color online) Behavior of twist-2 LCDAs for

ap(1450) at uy = 'GeV. For comparison, QCDSR-I and QCD-
SR-II results (I and I in QCDSR [1] correspond to trunca-
tions at N'=1 and N =3, respectively) are also shown.

Using the definition in Eq. (22), we calculated the
moments (¢")|>"5* with n=(1,3,5) and the correspond-
ing Gegenbauer moments a®'5?(y). Since the zeroth-or-
der Gegenbauer moment of a,(1450) is zero and even-or-
der coefficients are highly suppressed, under the approx-
imation of equal constituent quark masses (m; = m,) the
even-order coefficients vanish. Thus, the twist-2 LCDA
of ayp(1450) is dominated by odd-order Gegenbauer mo-
ments.

ERD = ~03481057, (DI = ~0.3487407,

N = 01601053, (€I = -0.242745%,

@M = ~0092'553. () = —0.1887353,

ai"" (o) = =0.58071%), @y (o) = 058053,

a5 (o) = —0.05755511, a5 (o) = ~0.4887715,

aP (o) = +0.0132000,  a§P(uo) = -03717015. (26)

In addition, we present the (¢")|"*? moments and the
Gegenbauer moments a'55?(y,;) at the corresponding en-
ergy scale u; = 1.4 GeV.

€O =-03047555, (€M7 = -0.2497308,
@SN =-0.13750%, (N = 0173508,
@ =-0078550, 5P = -0.135'03,
A ") = ~0.5075055, @ () = —041555 55,
a5 (u) = =0.035°0565, a5 ue) = 03487455,

a"(u) = +0.009*09% 4BV () = —0.277398. (27)

For n=1,3,5, the moments obtained from the two LCDA
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schemes generally exhibit a linear relationship: their ab-
solute values decrease as n increases, and the magnitudes
from the first scheme are larger. Specifically, at n = 1, the
(M5 values from the two LCDA schemes are numer-
ically identical, whereas for n=3 and n=5 the differ-
ences between the moments from the two schemes in-
crease significantly with the order, indicating that the
factor (2x—1)" in higher-order moments is more sensit-
ive to the value of x. In addition, for the twist-3 LCDA

b (x,u) of the ay(1450), we adopt the Gegenbauer mo-

3;a0

ments at the energy scale u; = 1.4 GeV as follows [5]:

ab(uy) = 0.236 £0.008,
a3 (1) = 0.009 £0.001,

al () = 0.504 +0.159,
(i) = 0.043£0.008,  (28)

Using the resultant twist-2 and twist-3 LCDAs of the
ay(1450) state, we can further calculate the D — ay(1450)
TFFs. To determine the continuum threshold and Borel
windows, we adopt two criteria: (1) the contributions
from the continuum and higher excited states are less than
30%; (2) the dependence of the form factors on the Borel
parameter is weak. Accordingly, we set the values of sg
and M? to 29+0.05GeV> and 15+0.05GeV> for
fOL2(g?), and 5+0.05GeV? and 5+0.05GeV? for
f-(g%), respectively. We then obtain the numerical results
for the D — a((1450) transition TFFs in the large-recoil
region, which are presented in Table 1. At the same time,
to intuitively demonstrate the stability of the sum rule
with respect to M?, we plot the curves of the TFFs as
functions of the Borel parameter M? in Fig. 3, where
¢* =0GeV?>. It can be seen that the TFFs exhibit clear sta-
bility against variations of M? within the chosen interval.
We also present the predictions of QCDSR-II [1],
CLFQM [44], RQM [45], and LCSR [46] for comparis-
on. We find that our result f5?(0) is closest to the RQM
prediction. The QCDSR-II [1] prediction also lies within
our uncertainty range.

1.2

(@ — This Work (S1)  — This Work (S2)

0.6

0.4 T T T
14.0 14.5 15.0 15.5 16.0

M?[GeV?]

Table 1. We present numerical results for the TFFs of the
D — ayp(1450) transition at the large-recoil point, i.e., £f552(0)
and f_(0). For comparison, we also list predictions from QCD-

SR-II [1], CLFQM [44], RQM [45], and LCSR [46].

f+(0) O
i 0.116 0.078
This work (S1) 0.836¢119 0.6300:075
This work (S2) 0.767+0-15¢ 0.63070:078
QCDSR-II 1] 0.691 -
CLFQM [44 051381888 -
RQM [45] 0.719 -1.391
0.02 0.02
LCSR [46] 0.9470.02 -0.94+50

Our result for f (0) differs from those reported by
QCDSR-II [1] and CLFQM [44]. This discrepancy can be
attributed to differences in methods and input parameters.
In particular, the substantial discrepancy with the LCSR
[46] prediction stems from differences in our choice of
the twist-2 LCDA model and the formulation of the
TFFs. Currently, theoretical predictions for f (0) at the
large-recoil point still vary across groups. Moreover, ex-
amining the overall behavior of the TFFs can help assess
the reliability of the numerical results.

Since the LCSR approach is primarily applicable to
the low- and intermediate-g* regions, we therefore adopt
the simplified series expansion (SSE) to fit the complex
analytical results and extrapolate them to the entire ¢° re-
gion, thereby obtaining a reasonable behavior of the TFF
for the transition process D — a¢(1450) over the full
physical range, i.e., 0 < g* < (mp — My 1a50))>. The SSE is a
rapidly convergent series in the z(f) expansion, which can
be written as follows [73]:

K@) =Pig) Y dlzg) -0, (29)

k=0,1,2

where fi(¢?) denotes the D — ay(1450) TFFs, a are the

0.6
() This Work

0.4 4
S 021
S~

0.0 4

-0.2 T T T

4.0 4.5 5.0 5.5 6.0
M?[GeV?]

Fig. 3. (color online) Dependence of f&'?(0) and f-(0) on the Borel parameter M? at > = 0 GeV2.
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coefficients, and Pi(g*) = (1 _qz/mlze,i)45 2(t) = (Nt — -
Vi —to)/ (Nt —t+ \t. =1y), with t, =(mp —mao(1450>)2,
to=t,(1- \VT1=())/(t,)). Pi(¢*) isa simple pole associ-
ated with the lowest-lying resonance in the spectrum and
is used to account for the low-lying resonance; mg; is the
D-meson resonance mass. The relevant low-lying D-
meson resonances with the appropriate J* quantum num-
bers are mp-(2007)° and mp;(2300). The free parameters
a; and d) are determined to minimize the TFF goodness-
of-fit measure A. Conventionally, we require A < 1%, and
we use A to quantify the extrapolation quality. We also
present the TFF fit parameters in Table 2.

After extrapolating the D — a(1450) TFFs over the
entire physical ¢* region, the behaviors of f5''52(4?) and
f-(g* are shown in Fig. 4, where fS!52(4%) corresponds
to the two types of twist-2 LCDAs for the a,(1450) state.
The behavior of f8!'52(¢?) shows a slow increase within
uncertainties across the entire ¢* region. This is in good
agreement with predictions from QCDSR-II [1] and
RQM [45], supporting the reliability of our results. For
f(g%), since its expression does not include contribu-
tions from the twist-2 LCDA, different twist-2 LCDA
schemes have no impact on f.(¢?).

Furthermore, the distribution of differential decay
width with respect to angle cos6,, i.e. dT'/dcos, at the
point ¢*> =107 GeV* in the region cosf, €[-1,1] are
shown in Fig. 5. The results show that dI'/dcos6, exhib-
its a quadratic dependence on cos6,, with coefficients
primarily determined by the TFFs fS1$2(4?), f.(¢*) and
lepton mass m,. For decay channel D° — an(1450) u*v,
and D™ — ao(1450)°u"v,, the angular distribution in-
creases monotonically with cosd, and shows a nonzero
intercept at the endpoints cosf, = +1. This occurs be-
cause the angular distribution contains a term linear in
cosf,, which is proportional to m?/q*, leading to a finite
value of dI/dcos6, at the endpoints when
¢ =10°GeV>. In contrast, for decay channel
D% — ay(1450)~e*v, and D~ — ay(1450)°e ¥,, the  ex-
tremely small electron mass (m, ~ 0.5 MeV) makes angu-
lar distribution over cosf, € [—1,1] nearly a symmetric
parabola. These results demonstrate that the lepton mass
has an important impact on the decay angular distribu-
tion in the low ¢*-region.

As a further step, the decay widths and branching
fractions for semileptonic D — ay(1450)¢v, decay can be
calculated. By taking the CKM matrix element
[Vl =0.221£0.008 from the PDG [16], we obtain the
differential decay widths for D — ay(1450)¢v, with
¢ =(e,n). Their behaviors are shown in Fig. 6, together
with the QCDSR-II prediction [1] for comparison. Since
the kinematic ¢?-region of D — ay(1450)¢v, decay is
much smaller than that of B — ay(1450)¢v, decay, we sep-
arately consider the differential decay widths for electron
and muon channels. It can be seen from Fig. 6 that the be-

Table 2. Within two LCDA schemes, the masses of the D-
meson and its resonances, the fit parameters a; with i =(1,2),
and the goodness of fit A for the form factors ffl’sz)(qz) are

presented, with all input parameters fixed at their central val-

ues.
fe(@® D)
mg 2.00685 2.343
a®v ~7.418 ~12.430
v 145.839 275.236
ASD 0.117x1073 0.219%1073
mg 2.00685 2.343
a®? -5.077 ~12.430
a$? 146.277 275.236
AB2) 0.132x1073 0.219x1073
14 1—
@ This Work (S1) RQM
b — — = This Work (S2) Ao QCDSR-II
1.0
=
)
208 o e e e R ST ETOTOTOTOTOTOT
"’,:i 222222XXXXXXX22222222222222AAAAAAAAAAAAAAAAAAA
0.6
0.4
o . . . .
1.0
— 0.8
K
i ///
0.6
0.4+ T T T T
0.00 0.04 0.08 0.12 0.16
q*[GeV?]
Fig. 4.  (color online) Behavior of the D — ay(1450) TFFs

f+(¢*) over the entire ¢*> region, with solid lines indicating
central values and shaded bands indicating uncertainties. For
comparison, predictions from RQM [45] and QCDSR-II [1]
are also shown.

havioral trends of our predicted differential decay widths
for electrons and muons under two LCDA schemes are
basically consistent, though there exist slight differences
in numerical results. Compared with the first scheme, the
second scheme gives smaller numerical results. This is
because the TFF f52(4*) obtained in second scheme is
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5o le=16

(@ This Work (S1)

304 — — = This Work (S2)
s QCDSR-II

dT/dcosB(D° = ag(1450)~ e * 1)

—_
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I
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Fig. 5.

dT/dcosO(D° — ap(1450) ™ u* vy,)

dU/dcosO(D ~ — ap(1450)°u = 7,)

le—-7
(b)

12.0

9.0

6.0

3.09
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3.0
1.57
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(color online) Angular distribution of dI'/dcosé as a function of cosd for the decay channels D — ag(1450)~¢*v, and

D™ — ag(1450)°¢",, with £ = (e, ), at ¢*> = 107> GeV2. For comparison, the predictions of QCDSR-II [1] are also shown.

slightly lower than f®Y(¢?) from the first scheme. There-
fore, under the same threshold parameter s, and Borel
window M?, the differential decay widths for the elec-
tron and muon channels in second scheme f5?(¢?) are
also smaller.

After taking the lifetimes of D° and D~ mesons from
the PDG, namely 75 =(0.410£0.001) ps and
7p- = (1.033 £0.005) ps, we also calculated the branching
fractions of D° — a¢(1450) ¢*v, and D~ — ay(1450)°¢ ¥,
with (£ =e,u). The specific calculation results are listed
in Table 3. It can be observed that branching fractions for
all decay channels are of the order 1075, consistent with
results reported by theoretical groups using LCSR [46]
and CLFQM [74].

For the decay channels D~ — ag(1450)°¢v, and
D — g¢(1450)"¢*v,, the numerical results obtained with
the two LCDA schemes agree better with LCSR, while
they deviate from the CLFQM predictions for
D™ — ay(1450)°¢7v, and D~ — ao(1450)°uv,. Notably,
the central values of the branching fractions for
D® - ay(1450) u*v, and D~ — ap(1450)°u v, obtained
with the two LCDA schemes and QCDSR-II [1] are
identical, differing only marginally in their theoretical un-
certainties. Furthermore, the central values from both LC-
SR and CLFQM lie within our allowed uncertainty range.

Finally, we calculated three angular observables for
the semileptonic decay D — ag(1450)¢v,: the forward-

backward asymmetry Arg(q?), the lepton polarization
asymmetry A,,, and the ¢*-differential flat term Fy(g?).
Since the integrated results for D° — ao(1450)~¢*v, and
D~ — ay(1450)°¢~9, decay channels are almost identical,
we present only the results for D° — ay(1450) ¢*v, here.
As shown in Table 4, the three angular observables calcu-
lated using two twist-2 LCDA schemes yield very simil-
ar results, with only slight differences. The integrated
Apg  for the electron channel is very small
(m, ~ 0.5 MeV), consistent with the fact that, in weak in-
teractions, helicity suppression is strongly mass depend-
ent and the electron mass is nearly zero. The mass of the
muon (m, ~105.7MeV) is comparatively large, so a
slight difference in the numerical value of Agp(g?)
between the two LCDA schemes is observed. In addition,
A, (¢*) and Fu(g®) exhibit clearly different behaviors.
Overall, Arg(¢*) and Fu(g®) are proportional to the
square of the lepton mass, whereas A, (¢°) is inversely
proportional to the lepton mass.

IV. SUMMARY

Motivated by the possibility that the scalar state near
1.5 GeV may be a quark—antiquark configuration, we as-
sume that the a¢(1450) is a ground-state gg state in this
work. We investigate the physical observables of the
semileptonic decay process D — ay(1450)¢v, with
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Fig. 6. Decay widths for the semileptonic decay channels D® — a(1450)~¢*v, and D™ — ag(1450)°¢~v,, with ¢ = (e,u), are presented.
Predictions from QCDSR-II [1] are included for comparison. Shaded bands indicate the corresponding uncertainties.

Table 3. (color online) Branching fractions (in units of 107°) for the decay channels D° — ay(1450)~¢*v,; and D~ — ag(1450)°¢~v,, with
¢ = (e,u), are presented with uncertainties for two twist-2 LCDA schemes; predictions from LCSR [46], QCDSR-II [1], and CLFQM
[74] are provided for comparison.

DY = ap(1450)"e*v,

DY — ap(1450)p* v,

D™ — ap(1450)°e7, D™ = ap(1450)°u7 v,

This work (S1)
This work (S2)
QCDSR-II [1]
LCSR [46]
CLFQM [74]

41613
348403
2.83
3.14

227
191227

1.27
l'91J:0A26

1.92
2.01

2l 2413
49713 2413
3.56 2.43
4.28 2.76
sl 8

Table 4. Integrated results for three angular observables in
the semileptonic decay D° — ag(1450)"¢*v,, with €= (e,p),

evaluated using two twist-2 LCDA schemes, are presented.

This work (S1) This work (S2)
Ay 0T 196 5.46%35 54734
ﬂFDl;)aamMSO)‘m 10°2) 3.66%187 3.6671%3
T 0.187031 0.18"3
Ay B 1072 002432 0.02:4%3
U T Leorg)
g e S0k 12 9.037407 9.0635

{ = (e,u), in order to assess the validity of the gg inter-
pretation.

For the TFFs of D — ay(1450), we employ the LCSR
method to compute them. As the most important nonper-
turbative input, the twist-2 LCDA is modeled using two
different forms of the LCHO model, which provide a
phenomenological description of the parton momentum-
fraction distribution inside the ay(1450). Their specific
shapes are shown in Fig. 2. Furthermore, we determine
the (¢")|, moments and Gegenbauer moments a,(u) at the
scales o = 1GeV and g, = 1.4 GeV. Subsequently, incor-
porating these two twist-2 LCDAs, we calculate the TFF
f.(g% at the large-recoil point ¢> = 0 and study its behavi-
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or in the low- and intermediate-g*> regions. The results
show good consistency with the predictions from QCD-
SR-II [1], RQM [45] and LCSR [46] within the allowed
uncertainties. Differences in input parameters and meth-
ods lead to noticeable variations in the TFF f_(4?). Then,
using the overall behavior of these two TFFs, we predict
the angular distribution of the differential decay width
dl'/dcos, over the range cosf, € [-1, 1], as shown in Fig.
5. The differential decay widths and branching fractions
of D — ay(1450)¢v, are also obtained, and are presented
in Fig. 6 and Table 3, respectively. Our results are of the
same order of magnitude as those from QCDSR-II [1],
LCSR [46] and CLFQM [74]. Finally, we compute the in-
tegrated values of three angular observables: the forward-

backward asymmetry Agg, the lepton polarization asym-
metry A,, and the ¢*-differential flat term Fy(g?), which
are listed in Table 4.

Overall, under the assumption of a gg state, our pre-
dictions for the physical observables of the semileptonic
decay D — ay(1450)¢v, show good agreement with exist-
ing theoretical studies. The internal structure of the light
scalar-meson family remains highly debated. We hope
that our results provide a useful reference for future ex-
perimental searches for the semileptonic decay
D — ay(1450)¢v,, and contribute to a deeper understand-
ing of the internal structure of the light scalar state
ap(1450).
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