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The twist-2 distribution amplitude of the ¢»-meson has attracted considerable interest due to its unique
properties. In this work, we construct the transverse leading-twist light-cone distribution amplitude
¢2L;¢(x, Ho) of the ¢p-meson using the light-cone harmonic oscillator model, in which a parameter
B%‘; » dominantly controls its longitudinal distribution. To explicitly isolate different twist contributions,
we employ the right-handed chiral correlator for the QCD light-cone sum rules calculation of D} — ¢
decays, and further, we get the branching fraction, B(D} — ¢eTv,) = (2.2717033;) x 1072 and
B(D} = ¢ptv,) = (2.2501035]) x 1072, where errors are squared average of the mentioned error
sources. Furthermore, we have extracted the Cabbibo-Kobayashi-Maskawa matrix element |V | =
0.975f8_‘8§g with improved precision through the analysis. Finally, we calculated the polarization parameter
and asymmetry parameter for the D — ¢ decays.
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I. INTRODUCTION

In current research, studies of charmed mesons, particu-
larly D; mesons composed of a charm quark and a strange
antiquark, have attracted substantially increased attention.
The study of D] — ¢¢"v, semileptonic decays has
attracted widespread attention. This naturally leads to
our focused interest in semileptonic decay processes
involving the ¢-meson. For a semileptonic decay process,
charmed mesons provide useful information about the weak
and strong interactions of mesons composed of heavy
quarks, which includes the important message on the value
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ments Vo, (with Q representing the heavy quark and ¢
representing the light one). From a theoretical perspective,
semileptonic decays are much simpler than hadronic
decays because the final state involves only one meson
and one lepton pair. Specifically, the leptonic part can
be easily calculated using standard methods, while the
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hadronic part can be factorized to reduce theoretical
uncertainties [1-3]. Within the Standard Model (SM),
semileptonic decays are ideal for testing lepton flavor
universality (LFU) and searching for new physics. The
decay DI — ¢¢tv, (€ = e, u) is highly sensitive to LFU
violation, as a deviation between e and y modes could
signal new physics. Previous studies of D%, D} mesons
[4-9] and charm baryons [10-13] all agree with the SM
within current uncertainties. These decays are described by
hadronic form factors, computed using nonperturbative
QCD methods.

Before conducting theoretical studies, determining the
quark structure of the meson (e.g., the ¢-meson) is
essential. The ¢-meson, as a vector meson with spin-parity
JP€ = 177, has similar properties to the neutral mesons @
and p. Neutral mesons with hidden-flavor can mix through
strong and electromagnetic interactions if they -carry
identical quantum numbers (e.g., spin, parity, and charge
conjugation), since these quantum numbers are strictly
conserved in these processes [14]. The trimeson mixing
¢ — o — p° system has attracted extensive research efforts,
with diverse mixing mechanisms and parametrization
approaches being investigated [15—18]. Within the unified
mixing framework of ideal basis, the meson mixing can be
described by a trimixing matrix, as a detailed in Ref. [15].
In the two-meson mixing system, the p — @ mixing can be
induced either by strong isospin-violating or by electro-
magnetic effects. The former is proportional to the mass
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difference between the u, d quarks, ie., A, , =m, —m,
and the latter is accompanied by the fine structure constant
a [19]. In studies of p — @ mixing, various loop mecha-
nisms are employed in different models to achieve the
mixing effect, such as extended Nambu-Jona-Lasinio
(NJL) model [20], the global color model [21], the hidden
local symmetry model [22], and the chiral constituent quark
model [23,24]. Meanwhile, several approaches are
employed to describe p — @ mixing, including schemes
such as ideal mixing (flavor eigenstate symmetry breaking
models) [19,25]. Under this mixing scheme, we obtain,

lpo) = |iu) —|dd)
. 5 . I _ -
=cosa ﬁ(uu—dd)> —sina 7§(uu+dd)>, (1)
) = |iu) +|dd)

=sina

1, - | -
E(uu—dd)>+cosa E(uu+dd)>. (2)

The mixing angle o describing the strength of the triplet-
singlet mixing is about —4.1°, i.e., a sizeable violation of
isospin symmetry is obtained. Correspondingly, we obtain
the mixing parameters; cosa = 0.997, sina = —0.071.
Therefore, neither is the py-meson an isospin triplet, nor is
the w-meson an isospin singlet. A more detailed discussion
can be found in Refs. [15,26-29]. In addition, @ — ¢ mixing
is well-established for the ¢-meson [16,30-33]. Meson
mixing is an intriguing phenomenon that can explain certain
decay processes of heavy mesons. In this study, we aim to
clarify the impact of @ — ¢ mixing on the flavor wave
function (WF) components of the ¢-meson. Within the
framework of the singlet-octet mixing scheme, the @ and
¢-mesons are mixtures of the SU(3) singlet @, state and octet

wg state [34],
¢ cosf@y —sinfy wg
= . , (3)
@ sinfy  cosfy [oN
where  wg = (uii + dd —2s5)/v/6 and @y = (ui +
dd + s5)/ /3. Alternatively, in the quark flavor basis mixing

scheme, the physical states of @ and ¢-mesons can be further
expressed as

) = singy|w,) - cos py|w,), (4)
) = cos py|wg) + sinpy|wy), (5)

where |w,) = \/ii(uﬁ—l- dd) and |w,) = s§ are the quark
flavor bases. The mixing angle ¢y crucially determines the
flavor composition. The value of the mixing angle ¢, =
3.4 + 0.3° is derived within the framework of chiral pertur-
bation theory [33]. The KLOE Collaboration determined the

® — ¢ mixing angle ¢y = 3.324+0.09° by fitting their
experimental measurements [35]. In studying y.; — ¢¢
decays, the mixing angle ¢y = 3.7° can be extracted by
applying the Gell-Mann-Okubo mass formula [36]. The
mixing angle ¢y = 3.1 4 0.3° can be predicted within the
framework of the Nambu-Jona-Lasinio model [37]. A
detailed discussion on this can be found in Refs. [38—40].
In current research, the value of cos ¢y remains close to 1. As
can be seen in Eq. (4), the second term dominates, indicating
that the ¢p-meson is predominantly composed of an s§ quark
pair. Therefore, in subsequent studies, we treat the neutral
vector ¢-meson as a pure s§ quarkonium state.

Recent experimental studies of D decays to ss-contain-
ing final states have achieved significant progress, with
notable advances in precision measurements and new chan-
nel observations. The latest analyses focus on improved
determinations of form factors, polarization parameters, and
tests of lepton flavor universality through these decay modes.
These developments provide stringent constraints on QCD
dynamics and potential beyond SM effects. In 2023, the
BESIHI Collaboration reported a precision measurement of
B(DY = ¢p'v,) = (2.254+0.09 £ 0.07) x 1072 [41]. In
2017, the BESIII Collaboration reported the first measure-
ments of branching fractions for D — ¢e*v, and D] —
¢u'y, decays, obtaining B(D] — ¢etv,) = (2.26 &
0.45+£0.09) x 1072, B(D{ — ¢u'v,) = (1.94£0.53 +
0.09) x 1072, which demonstrated consistency with lepton
flavor universality within uncertainties [8]. Additionally, the
PDG has incorporated data from the BarBar Collaboration
[42] and the CLEO Collaboration [43]. This conclusively
demonstrates the essential importance of studying semi-
leptonic decays of charmed mesons.

On the theoretical front, numerous nonperturbative
methods are currently being employed to investigate the
decay processes Dy — ¢ tv, with £ = (e,u). Several
groups have also presented results, i.e., the heavy quark
effective field theory (HQEFT) [44], the heavy meson
chiral Lagrangians (HMyT) [45], the covariant quark model
(CQM) [46,47], the traditional three-point sum rules
(3PSR) [48,49], the covariant light-front quark model
(CLFQM) [50,51], the light-front quark model (LFQM)
[52], the light-cone sum rules (LCSR) [53], the covariant
confining quark model (CCQM) [54], the lattice QCD
(LQCD) [55-57], the relativistic quark model (RQM)
[58-61], and the chiral unitary approach (yUA) [62,63].
From 2000 to 2019, theoretical predictions for the branch-
ing fractions B(D{ — ¢£"v,) consistently exhibited cen-
tral values that deviated from experimental measurements
by varying degrees. Specifically, the theoretical calcula-
tions for the branching fraction of D} — ¢e™v, yield cen-
tral values ranging between 1.8 x 1072 and 3.1 x 1072,
while the central values for the D — ¢u*v, bran-
ching fraction calculations fall between 2.4 x 1072 and
2.9 x 1072. The HQEFT provides a unified framework
for treating quark and antiquark fields symmetrically in
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heavy-light mesons like D ). In studies of D; — ¢ decays,
it predicts branching fractions of B(D{ — ¢e'r,) =
2.535030 x 1072 and B(D} — ¢ptv,) = 240135 x 1072
[44]. Within the CLFQM, the branching fractions of D] —
¢ decays have been investigated through improved treat-
ments of both the strange axial vector meson masses and
mixing angles, yielding results of B(D} — ¢e'r,) =
(3.1+£0.3) x 1072 and B(D{ - ¢u'v,) = (29£0.3) x
1072 [50]. From the perspective of transition form factors
(TFFs), the complete set of axial and vector form factors for
the Dy — ¢£*v, decay from full LQCD is determined, in
Ref. [55]. The valence quarks are implemented using the
highly improved staggered quark action and normalize the
appropriate axial and vector currents fully nonperturba-
tively. Simultaneously, the theoretical result of TFFs
was obtained, i.e., A;(0)=0.615(24), A,(0)=0.457(78),
Ap(0) =0.706(37), and V(0) = 1.059(124). Through the
joint analysis of experimental measurements and theoreti-
cal predictions, it becomes evident that the D] — ¢£ v,
decay process still requires further exploration to achieve
satisfactory consistency between theory and experiment.
In order to achieve a precise standard model (SM)
determination on the decay D} — ¢¢'v,, we need to
determine the nonperturbative hadronic matrix elements, or
equivalently, the DY — ¢ TFFs A (q?), A»(¢?), V(g?), and
Ay(q?), where V(g?) is the TFF defined via a vector
current, A; 5 (g?) are the TFFs defined via an axial-vector
current [64]. In this paper, one has selected the QCD LCSR
approach for subsequent calculations. This method is
applicable in the low and intermediate g> regions, and
can be further extrapolated to entire allowed ¢* range. The
LCSR is based on the operator product expansion (OPE)
near the light cone, where the nonperturbative dynamics
are parametrized by leading-twist light-cone distribution
amplitude (LCDA) of increasing twists. Therefore, more
precise LCSR predictions with reduced theoretical uncer-
tainties will significantly enhance the study of these TFFs
and the D] — ¢¢"v, decays. Vector meson LCDAs
possess intricate structures that can be systematically
organized through the parameter &~ my/m.~ 0.80.
Following the methodology outlined in Ref. [65], one
presents the complete set of ¢-meson LCDAs across
different twist-structures in Table I, where the subscripts

TABLE I. The ¢-meson LCDAs with different twist-structures
up to &°-order, where § ~ m,/m..
Twist-2 Twist-3 Twist-4
5? iz
g d)!;(p (f)'; ¢,l//3 @‘DQ ¢7q)H;¢

¢4l;¢"/’f wwzp’%rf»
Prg Wiy

¢3 4,’1//3 (]5’

2, 3, 4 stand for the twist-2, the twist-3, and the twist-4
LCDA:s, respectively.

Although these higher-twist LCDAs are suppressed at
5'-order or beyond, they may still contribute significantly
to LCSR calculations. Therefore, actively constraining
these uncertainty sources is essential for achieving more
precise LCSR predictions. In this paper, we have for the
first time constructed the leading-twist transverse LCDA
¢2l;¢(x,y) of the ¢-meson using the light-cone harmonic

oscillator (LCHO) model. The LCHO model is constructed
based on the Brodsky-Huang-Lepage (BHL) prescription
and Melosh-Wigner transformation, where the Melosh-
Wigner transformation connects light-cone spin states
with conventional instant-form spin wave functions.
This transformation serves as one of the most essential
components in light-cone formalization [66]. In this
context, we can utilize the Melosh-Wigner rotation [67]
to construct the light-cone wave functions for quark-
antiquark Fock states within the light-cone quark model.
The complete light-front wave function is achieved
through the evaluation of both spin and momentum-space
wave functions. The two-particle Fock state expansion of
the ¢-meson includes both longitudinal and transverse
types of spin configurations. Each configuration corre-
sponds to distinct quark-antiquark helicity combinations.
The construction utilizes a model parameter that domi-
nantly governs its transverse behavior qﬁid)(x, Ho) Within

well-defined ranges. Furthermore, to isolate the influence
of high-twist LCDAs, we employ the right-handed chiral
correlator [68] in the LCSR calculations. By employing
these LCSRs, we have conducted comprehensive compar-
isons with various experimental and theoretical groups to
determine the decay branching fractions B(D} — ¢£ " v,)
and CKM matrix element |V,/|.

The rest of this paper is organized as follows. In Sec. II,
we describe the computational techniques used to derive
the D, — ¢ and provide the relevant expressions for the
decay widths. In Sec. III, we explain the construction of the
LCHO model and the determination of its input parameters,
along with a detailed numerical analysis and discussion.
Section IV is reserved for a summary.

II. THEORETICAL FRAMEWORK

In the SM framework, the weak interaction governing
the D] — ¢ semileptonic decay is dominated by the
vector-axial vector current. According to the definition
of the current, the TFFs of D; — ¢ can be divided into the
vector current contribution V(g?) and the axial-vector
current contributions A;,(g*), which together describe
the dynamics of the hadronic matrix element. These TFFs
are coming from the transition matrix element within
the current §(x)y,I5c(x) with I’y = (1 —ys), for which
we adopt the following matrix element to derive the
D} — ¢ TFFs:
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(D(p.2)|57,T5e| DY (p+q)) = =i (mps +my)A1(g%)

(2p+q) o
. *(/1) . —MA 2 . *(/1) ) ¢
+i(e q)ij‘qus 2(q?) +ig,(e*@ - q) -
X A3 (@) = Ao ()] 4 €@ qepp VL))
3 0 pvaf M n m, ,

where e stands for the ¢-meson polarization vector with A
being its transverse (L) or longitudinal (||) component, res-
pectively. p is the ¢-meson momentum and ¢ = (pp+ — p)
is the momentum transfer between the D -meson and the
¢-meson. There are some relations among those TFFs, that
not all of them are independent as follows:

mpy +m4,A
.

() =22 4 g2y, (7)

As(g?) =
3(q%) 2m,,

2m{/,
and at the large recoil point g*> = 0, we have
Ap(0) = A;3(0). (8)

To obtain the LCSRs for those TFFs, we currently process
the following correlator:

,(p.q) =i / d*xel™

x (p(p. DIT{5(x)r,Tse(x). /5 (0)}0).  (9)

For the current jL+ (x) selection, the adoption of chiral

current serves [69] this purpose by suppressing the in a
complex series involving all possible ¢-meson twist-
structures. Therefore, the chiral current can be selected
as jI)? (x) = im.¢(x)I'Rq(x) with TR = (1 +ys) to pro-
ceed with subsequent calculations. This advantage man-
ifests in the ability to highlight different twist
contributions of ¢-meson LCDAs to the TFFs through
judicious selection of chiral current. It is particularly
noteworthy that the hadronic representation of this
correlator encompasses not only the standard J* = 0~
resonances but also extra J” = 0T resonant states. This
represents the price when introducing chiral currents into
LCSR calculations.

The correlators are analytic g>-functions defined at both
the timelike and the spacelike g region. On the one hand,
in the time-like ¢> region, the long-distance quark-gluon
interactions become important and, eventually, the quarks
form hadrons. In this region, one can insert a complete
series of intermediate hadronic states in the correlator and
obtain its hadronic representation by isolating the pole term
of the lowest pseudoscalar D] -meson,

($157,I5c|DY ) (DY |¢im.ysq,|0)

I (p.q) =
2 m—(p+a)°
4 3 STelDE ) (D3 im0
H m%)jH - (p + Q)z ’

(10)

which can separated by the four Lorentz structure with the
following form:

*(A *(A
I (p.q) = eI + (e, - q)(2p + q), T4
+ (e;(/l) . q)qﬂl_lgl + iGZaﬂei(l)qapﬂHH, (11)

where (D |¢im ysq,|0) = m3, fp+ with f: standing for
the D -meson decay constant. The invariant amplitudes
I}, 5, are, respectively,

m?);ij (mp: +my)

mp. = (p+q)°

2

g% (p+ q)%] = Ai(g?)

+ / 712 ds + subtractions,
so S (]7 + LI>

(12)

m%);fD;Az(qz)
(mps + my)m3, = (p + q)°]

g% (p+ q)*] =

o H
+ / pizzds + subtractions,

so ST (p + q)
(13)

me);fD;m(/, [A5(q%) = Ao(q?)]
2, ~ (- a7

(g% (p+q)*] =
+ / 732 ds + subtractions,

so S (p + Q)
(14)

2m2, f: V()
(mps + my) = (p+ )]

¢ (p+q)*) =

+ / 742ds + subtractions.
so S (p + CI>
(15)

Furthermore, one can employ dispersion relations to
effectively substitute the contributions from both higher
resonances and the continuum states. The spectral densities
p]ﬁz,3v4 can be approximated by applying the conventional
quark-hadron duality ansatz
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C
pﬁz,m = p?nge(s = 50)- (16)

On the other hand, in the spacelike q° region, the correlator

(p +q)* —m? <0 with momentum transfer ¢> ~ O <
m?2 corresponds to sufficiently small light-cone distances
x% ~ 0, thereby ensuring the validity of the OPE. The full

can be calculated using QCD OPE. Here, the condition  c-quark propagator states,

d*k

(OT{c(x)e(0)}]0) = i / e K+ m,

vex | K+ me 1 . 1 v
k {m% _ k2 - gs/) dvG* (vx) |:§ (m% _ k2)2 Ouy =+ m% _ k2 xﬂyl/:| }7 (17)

where G, is the gluonic field strength and g, denotes the strong coupling constant. Utilizing this c-quark propagator

and performing the OPE on the correlator, we obtain the QCD expansion of H,?CD incorporating both two-particle and
three-particle Fock state contributions.

d*xd*k
QCD _
i = m, / (2r)*

a1l R NS, O)10) = 206 (9. Dl5(x)n 1 00

G @0, D501 0)10)) = [ o 0 VIS0 G ) n 0]

= 240 AI5(2)030: 5" (1201 0)0) + 2 VIS0, Gy ()5 O)0)] + 52

< [=((p. D) 15(x)95 G (1)1 (0)10) — i<¢<p,A)\f(x)a,,ﬂgsc;“%vx)ql<o>|o>]}}, (18)

where G, (vx) = €,,,5G%(vx)/2. In this work, we employ right-handed chiral correlators in the LCSR calculations to
highlight the contributions from the transverse DAs of the ¢-meson, consequently adopting chiral-odd basis DAs. Distinct
from chiral-even DAs, chiral-odd DAs serve as an effective probe for symmetry breaking. Up to twist-4 accuracy, the
nonzero meson-to-vacuum matrix elements with various y-structures, i.e.,I' = 1, iys and o, adopt the following form [70]:

. — it [ gyt L (@ “() L mpx |
W0 D5 0)aar0)10) = =ify [ duet v (e, = el p,) |5y (w) + " i 1)

eW.x o L L
= 2o S5 |y 00 = 504,00 = Sk )

2 e, - ] ;"4 vy (1) = by ()] } (19)

G210 010) == 75l -, [ duetr ), (20)

(@ (. A)]5(x)6439,G* (vx)q,(0)[0) = m3 f; % (Pu(Pad = Ppdar) = Pu(Padpy — Ppdu)|P@ap(v. p-x),  (21)
(@(p. D)|5(x)g,G (vx)q1(0)[0) = —im f51e"D p, — ¥ p, )WL, (v p - ), (22)

(@(p. D|5(x)ig,G (vx)7541(0)[0) = im f51ers) p, = €1 p, )%, (v, p - x). (23)

where ff/; represents the ¢-meson decay constant,

(d(p.2)]5(0)6,,q1(0)[0) = if 5le p, — e p, ).

where we have adopted the following standard conventions:
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g =g - DXy + DXy Where Da = da;day,daz5(1 —a; —a, —a3) and K () stands
H v p-x for the twist-3 or twist-4 DA @3, (@), ¥y, (a), or Piy(@), in
, e x mﬁ) : which @ = ay, a,, a3 corresponds to the momentum fractions
€y = B {P,, ) (p-%) xﬂ:| +el, carried by the antiquark, quark, and gluon, respectively.
Subsequently, by equating the correlators in different ¢>
d(v.p-x) = / Daeirx(a+rva) K(a). regions and applying the conventional Borel transformation,
one obtain the required LCSRs for the D] — ¢ TFFs, i.e.,
A (2 mbmg)fj; Ldu M C 0 B 0 I 1
)= e UL e g O )+ Olelus sy~
m2C = C—-2m? . 1 C ~ 1
s Bt + 2 B = 1 O(elit 50| by 1)~ 2 Ol - 1
m? —s(X)
(el so) |10 = [ 2% (et s0) + O(etu o)) | Ha) } + [ D [ ane [ S
c(u,s u) — |[—50(c(u,s clu,s u a; ve w2 |——
0 L MM2 0 0 3 0 2X3M2
1 -
- s3] e so) 4o = D ) - By (] 24)
m? —s(u)
me(mps +mg)myf 5 /1 du o 1 1 I
Ar(q?) = - —e w7 < —0 , Lo (U, p) — @
2(q%) fD*m%); ) u e mé (c(u SO))¢2,¢(” 1) "2 (c(u. s0))w3, ¢( u)

. —2m? = ~
1 [ lctusu) + s OCctu s o) + z[%e)(c(u,so)) 6w 5)

<1y 0) = OCeluso) st | + [ Dy [ v et - 1)

S ZAC )+4vc1>3¢(a)}} (25)

V(g*) =

mz =S
me(mp; +my)fy /1 du o
0

)
formi:

B (cln50)) ) . (26)

m? —s(u)

{ A tu 2 {_L@( (. so))(pz{(ﬁ(u,ﬂ)—i;; O(c(u 50) w5 (u)

u m¢

memyf;q°

As(g?) — Ap(q?) =
3(‘1 ) 0(q ) 2fD§m2D+

2
u*M?

me

g [ et + (et s0) )+ 14 =200 | Bl -

< B(cluns)| + 2( 2";4 (el su) + 3 Olelis0) ) 1) = 2 Blelso) ) |

/Da/ dve 21M2®(C(X so))[(40 = DL (@) — Ph (@) + 400k, (@ )]}, (27)
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where H = ¢*/(m}, —mj) and C = mg+u*my —q°.

s(e) = [m& = a(q*> — om})l/e(0 = u, X) with ¢ =1-¢,
X =a, + a;. c(e,s0) = @80 — mz +¢q* — edmy,.
0O(c(o. sg)) is the usual step function, ©(c(e.sy)) and
é(c(g, s0)) are defined via the integration

1 4 )~
[ e o)) )

L du
:/ uzMze_““)/sz(”)+5(C(”0vso))v (28)
Up
1 du =
/o S ¢ el s0))f (u)
L du
= / S M) + Ale(uy, 50)). (29)
ll()

where the surface terms &(c(ug, s)) and A(c(ug, s¢)) for
the two-particle DAs are

8(c(ug.s9)) = e/’ f(o) :
Co

|1 Sfw)  ug d (f(w)
A — p—So/M o) "0
(cluo, 0)) =e 2ugM? Cy  2Codu \ uC

}7
U=uy

(30)

where Co = m; + ugmg, — q* and ug is the solution of
c(ug, s9) =0 with 0 < ug < 1. There also exist surface
terms from three-particle DAs, but their contributions are
sufficiently negligible to be safely ignored. The simplified
functions I, (u) and H;(u) are defined as follows:

u v 1 1
tutu= [ ao [y 00~ v~y 00|

Hi (1) = / " ol (v) — by (0.1 (31)

By utilizing these TFFs and considering the chirally sup-
pressed lepton mass effects (which can be neglected), the
differential decay width for D} — ¢¢ v, can be expressed
as follows [53,71-73]:

dr _ GilVel®
@ sl 41202 2 g2)g2
df ~ 102emd, Moz
< [[Hy * + [H_|* + |Ho[*]
dry, drf dry
4 fr dr (32)
dg dq dq
The ¢-meson has three polarization states; one longitudinal
polarization and two transverse polarizations (right-handed
and left-handed). These can be expressed as

dFL G2|Vc‘ |2
“ L _ F s 1/2 é;,méqu)qz

i~ 102w L

1
2my\

(= = )+ g )

M, m, qZ)] 2 (33)
m%j%—m,/,
s Gil|Vsl
“T sl 1202 2 g2)g? . .
dq2 19277'_2’,”3D:r (ij m¢ q )q (mD\. +m(/)
/11/2(m2+’m2’q2)
x A (q DU T v, 34
1(q°) F pr——. (q°) (34)

where  A(x,y,z) = (x +y—2)>—4xy is the Killen
function, and the combined transverse decay width is
[r = I} + I'g. After ¢? integratioin, we obtain the branch-
ing fraction for this process as

(inD+—m¢)2 dr
: —5.  (35)

QU

BDF — $¢+u,) = 1o /
’ mé q

where 7+ is the D -meson lifetime.
In addition, the helicity amplitudes H (¢*), Hy(g?) and
H,(q?*) are defined as follows in terms of the TFFs:

/Il/z(sz;,mé, 512) |: (ij +m¢)2

il/z(mé;,mé,qz)

H, (q*) = Ay(q?)

Mmp: +my
= V()|
1
Hy(q? :7[,” - my)(m2 . —m2 —g*)A, (¢?
o) =5 | no ) = = ) )

ﬂ(m%?’mé’qz)A 2

——————M(¢%)|.
Mmpi +my

_ll/Q(m%;,m(Z/),qz)

Hl(qz) - \/32'

Ao(q?). (36)

Based on the helicity amplitudes defined above, the
forward-backward asymmetry A%;(g?), the lepton-side
convexity parameter C%(g?), and the longitudinal (trans-
verse) polarization of the final charged lepton P/ @ (g%), as

well as the longitudinal (transverse) polarization fraction of
the final ¢-meson F{m(qz) in the semileptonic decay

D} — ¢ v,, can be expressed as follows, according to
Refs. [54,58]:
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Jacos@dl’/dcosO — [° dcosOdl/d cosO

A1€B<q2) =
Jo dcos@dl’/dcos® + [ dcosOdl'/dcos O
_ 3Hp—26HgL
B 4 Htotal ' (37)
3 Hy —2H
cioy D U L
C ( ) - 4( 5) Htota] ’ (38)
Hy +H)(1=29) —-2H
() = TETIEI ST
total
3zmy Hp + 2H
Pf 2 _ ¢ 'Lp SL 40
T(q ) 8\/6]_2 Htotal ’ ( )
H (149 +32H
Fq) == —— (41)
tota

where the m, with £ = (e, u) is the lepton mass and the
helicity structure functions H; are defined as

Hy = |H+|2

Hy = [Hol*,

Hp = |H+|2 - ‘H—|2’

Hs = Re(HoH;).

Hs = |H,|*. (42)

In addition, the total helicity amplitude takes the
Hiora = (Hu + Ho)(1 +6/2) +36Hs/2  (43)

with 6 = m2/q? and F4(g%) = 1 — F{(g?).

III. NUMERICAL ANALYSIS

Before performing the numerical analysis, we adopt
the following parameters. We take the ¢»-meson decay con-
stant £l =215 +£5 MeV [70], According to the Particle
Data Group (PDG) [74], we take the ¢-meson mass
my = 1019.461 + 0.016 MeV, the charm-quark current
mass m.(m.) = 1.2730 + 0.0046 GeV, the s-quark cur-
rent mass mg (2 GeV) = 93.5 £ 0.8 MeV, the D;-meson
mass mp = 1968.35 £ 0.07 MeV and the D,-meson
decay constant f, =249.9 +0.5 GeV. The factoriza-
tion scale u is set as the typical momentum transfer
of D, = ¢, ie., j ~ (mZDJ+ -m.2)"/? ~ 1.5 GeV. In addi-
tion, the renormalization group equation (RGE) of the
Gegenbauer moments of the gl)zl;(/)(x,,uo) leading-twist
LCDA is [75]

R | )

with

2 n+11
—Cpl1-— 2 a2,
C A P TPy Z:m

2
po=11-2/3ny, (45)

where n f is the number of flavors involved. The dominant
¢-meson transverse leading-twist LCDA ¢§4, (x, o) can be

derived from its light-cone wave function (LCWF), which
is related via the relation

2V3 dk |

b, ¢(x Ho) = f¢ o 1623 Yo, ¢(x ki), (46)
)] 1

where f; = f4/Cy is the reduced vector decay constant

with CL \/_ In the LCHO model [76], one can divide
the ¢-meson LCWF into two parts, i.e., the redial part and
spin-space part accordingly. Based on the BHL prescription
[77], the LCHO model of the ¢ meson leading-twist WF
can be given [78,79],

ll/%;(/;(kal) = hlhz(kL)‘//z ¢<x k), (47)

hihy
where )(Z‘hz(k 1) stands for the spin-space WF, h; and h,
are the helicity states of the two constitute quarks in ¢.
The )(f;’ hz(k 1) comes from the Wigner-Melosh rotation
[80-82]. wX »(x, k) indicates the spatial WF, which can be
divided into a k | -dependent part and a x-dependent part.

Therefore, the spin-space WF and the spatial WF can be
expressed as, respectively,

2" (k) = —m——s (48)

where Ci/ 2(é‘) is Gegenbauer polynomial, £ =2x — 1, x
stands for the s-quark momentum fraction of the meson
and ¥ = 1 — x stands for that of the light-quark g. 77z, is the
s-quark mass and 771, is the light-quark mass. Further, one
can obtain the LCDA

3A2{¢A VXX

AP f by,

Ui+ m
Erf (bzi@ Oxx

[1+ B3,y (€)]

)l

(50)

¢2l;¢(x»l40) =
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where Erf = % I ¢~"dt and the constituent quark mass

g or 7, ~370 MeV. In addition to the normalization
condition, the average value of the squared transverse
momentum can be regarded as another constraint, which
is defined as

Jdxdk | [k ||y, (k)
Jdxdk [y (x, k1 )I?

<k2>2;¢ = (51)

Here, the value of (k7 ), ~0.37 GeV? [78]. In general,
the light meson’s transverse leading-twist LCDA can be
expanded into a series of Gegenbauer polynomials. The
Gegenbauer moments a;- at the initial scale y, have been
obtained by the following formula:

I dx¢2l;(/,(x7 MO)C}E/Z(/;)
Jo dx6x5[C/%(2))2

ai (ko) =

, (52)

where yy ~ 1 GeV stands for some initial scale. Besides,
the normalization of the wave function is as follows:

[ax [ E e >=%. (5)

The LCHO model has three undetermined parameters
A2L;¢’ bzl;q5 and 32{(/). In addition to the normalization
condition and the squared transverse momentum <ki>2;¢,
one shall adopt the values of the second Gegenbauer
moment a5 (1 GeV) = 0.14(7) [70]. Based on this, the
behavior of the dominant ¢»-meson transverse leading-twist
LCDA q’)j-(ﬁ (x, 4y) can be determined and shown in Fig. 1.
The corresponding parameter is A2 b= = 14.1835, 32 b=
0.163502 and sz¢ = 0.625318, respectively. The param-

eter B%-; " quantitatively controls the behavior of the LCDA.

—— This Work

? LQCD :
0.0+ T T T T :

0.0 0.2 0.4 0.6 0.8 1.0
X

FIG. 1. The transverse leading-twist LCDA d)zL;(/J(x,yo) at the
scale uy = 1.5 GeV. As a comparison, the results derived from
the SR [70], the DSE [83] and LQCD [84] approaches have been
presented.

A larger Bs. 2,4 Vvalue manifests a double-peak structure,
while a smaller BL;(/) exhibits single-peak behavior. The
Fig. 1 also includes comparisons with the SR [70], the
Dyson-Schwinger equations (DSE) [83] and LQCD [84].
Notably, our results exhibit a double-peak behavior con-
sistent with the SR predictions. Further, we adopt the
LCDA for discussion in the following.

As two important input parameters, the continuum
threshold parameter s, and the Borel parameter M?, in
QCD sum rules [73,85-88], we adopt the following criteria
to obtain reasonable input parameters:

(i) The continuum contribution is less than 35%;

(i) The contribution of the high-twist LCDAs is no

more than 5%; and

(iii) The value of TFFs is stable in the Borel window.

Based on the criteria for determining s, and M? in the

LCSR approach, one takes the sé‘ =9.540.5 GeV?,
s0 =4.440.25 GeV?, s :76i05GeV2andM2 =
4.0 £ 0.8 GeV?, Mﬁz = 2.9 +0.2 GeV?, M} = 3.7 +

0.5 GeV?. Then, the TFFs at the large recoil point
g*> =0, ie, A;,(0) and V(0) are present in Table IL
These values at the large recoil point are crucial for
connecting theoretical models with experimental measure-
ments. The differences in describing hadronic internal
structures among various theoretical approaches are
directly reflected at the large recoil point. Our calculated
TFFs exhibit the large recoil point uncertainties ranging
from 2.6% to 8.9%. The uncertainties are coming from the
squared average for all the input parameters. In Table II, the
results given by several groups have also been presented
i.e., HQEFT 06 [44], LCSR [53,72], HMyT [45], CQM
[46], 3PSR [48], CLFQM [50], LFQM [52], CCQM [54],

TABLE II. Comparison of various theoretical for the D — ¢
TFFs A, (%), A>(g?), and V(g?) at the large recoil point ¢> = 0.
A1(0) 4,(0) V(0)
This work 0.6001 000 0.56790%  0.9101 5%
HQEFT’06(1) [44]  0.569700: 03041000 0.77810%7
HQEFT'06(2) [44]  0.605/0%5  0.5837003%  0.951100%)
LCSR’04 [53] 0.54(9) 0.57(9) 0.70(10)

LCSR’24(1) [72]
LCSR’24(2) [72]

0.024
e 71
0.5127 5050

0.438i§;§;;§
+0.
0.402+0978

0.902i§;§§42
+0.
0.882:+0:949

HMyT°05 [45] 0.61 0.32 1.10
CQM’00 [46] 0.64 0.47 1.10
3PSR’03 [48] 0.55(15) 0.59(11) 1.21(33)
CLFQM’11 [50] 0.69 0.57 0.98
LEQM’19 [52] 0.77 0.66 1.24
CCQM’19 [54] 0.68 0.67 0.91
RQM"20 [58] 0.643 0.492 0.999
LQCD’01 [89] 0.63(2) 0.62(5) 0.85(4)
LQCD’11 [56] 0.594(22)  0.401(80)  0.903(67)
LQCD’13 [55] 0.61524)  0.457(78)  1.059(124)
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RQM [58], LQCD [55,56,89]. The comparison about the
every results from Table II indicates that the TFFs of our
predictions are consistent with many approaches within
errors. Our results for A;(0) and V(0) exhibit good agree-
ment with the LQCD’11 [56] predictions. Moreover, the
A,(0) values show reasonable consistency with both the
LCSR’04 [53] and CLFQM’11 [50] results. This observa-
tion confirms that our results demonstrate reasonable
validity for the value at the large recoil point. Regarding
the w — ¢ mixing effects, we adopt a mixing angle of
¢y = 3.4° for the present calculation. Our analysis reveals
that the mixing angle ¢y contributes 0.044014% to A, (0),
0.044091% to A,(0) and 0.044066% to V(0). The negli-
gible magnitude of its contribution justifies our neglect of
the mixing angle effects. Therefore, we adopt the ideal
pure-state approximation treating the ¢ meson as a pure
s§ state in subsequent calculations. We anticipate that
a near-future breakthrough in understanding the ¢ meson’s
properties will significantly advance our comprehension of
¢-meson-related decays.

Furthermore, we provide two particularly interesting
ratios yy, = V(0)/A,(0) and y, =A,(0)/A,(0) in Table IIL
Meanwhile, a comparative analysis is conducted between
theoretical predictions (HQEFT [44], LCSR [53,72], 3PSR
[48], CCQM [54], RQM [58], LQCD’01 [55,56,89]) and
experimental results (from the FOCUS Collaboration [90],
the BABAR Collaboration [42,91] and the BESII
Collaboration [41]). For yy, our results show good consis-
tency with the FOCUS’04 [90] and BESIII’23 [41] mea-
surements. Regarding theoretical comparisons, we agree
well with the LQCD’11 [56] predictions. Moreover, for
72, our results exhibit good agreement with both the

TABLE III.  The prediction for the ratio yy and y, of Dj — ¢
decay within uncertain. Meanwhile, both theoretical and exper-
imental results are presented for comparison.

Yv V2
This work 1.517:001 0.9451 0047
HQEFT06(1) [44] 137402 0.53100
HQEFT’06(2) [44] 1.57:021 0.96:014

LCSR’24(1) [72] 1.75540:008 0.852101%
LCSR24(2) [72] 172310023 0.7857 0104
HMyT 05 [45] 1.8 0.52

3PSR’03 [48] 2.20(85) 1.07(0.43)
CCQM’19 [54] 1.34(27) 0.99(20)
RQM’20 [58] 1.56 0.77
FOCUS’04 [90] 1.549(250)(145) 0.713(202)(266)
BABAR’06 [91] 1.636(67)(38) 0.705(56)(29)
BABAR’08 [42] 1.807(46)(65) 0.816(36)(30)
BESIII'23 [41] 1.58(17)(2) 0.71(14)(2)
LQCD’01 [89] 1.35(7) 0.98(8)
LQCD’11 [56] 1.52(12) 0.62(12)
LQCD’13 [55] 1.7221) 0.74(12)

1]
<
[a)
&
2
z
[®)]
s

— ¢, 02 4(x)

w3";¢(x) w‘{:lﬁ(x)

'1.0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

X

FIG. 2. The chiral-odd high-twist DAs of ¢-meson at the scale
Ho = 1 GeV.

HQEFT’06 [44] and LQCD’01 [89] calculations. These
ratios effectively eliminate the common uncertainties from
the overall normalization of TFFs, thereby more sensitively
revealing the differences in hadronic internal dynamics
descriptions among various models. Meanwhile, the exper-
imentally measured ratios provide high-precision bench-
marks for validating theoretical models.

For the TFFs derived from the right-handed chiral
correlator, the relative importance of different twist DAs
follows these key trends: twist-2 > twist-3 ~ twist-4. The
twist-3 and twist-4 expressions employed in this work are
derived from Refs. [70,92]. Correspondingly, we present
the behaviors of twist-3 and twist-4 in the Fig. 2. As shown,

the longitudinal distribution amplitude ¢!;(/) (x) exhibits
strong suppression and approaches negative values near

the endpoints (x — 0, 1). This behavior introduces signifi-

cant suppression when integrated over the entire domain.

Similarly, the DA y/!; »(x) does not vanish completely near

the endpoints but exhibits a small negative-value region,
resulting in minor suppression upon integration over the
entire domain. For the transverse twist-4 DAs wj;{/) (x) and
gbi;(/)(x), a pronounced peak emerges with significantly
enhanced magnitude. In particular, y/i(/)(x) exhibits a
double-peak structure with both higher peak magnitudes
and broader high-value regions. This characteristic behav-
ior leads to significant enhancement when integrated

TABLE 1V. Different twist contributions for the D} — ¢¢ v,
TFFs.

Ai(0) A5(0) V(0)
Twist-2 0.558 0.923 1.170
Twist-3 0.027 —0.098 o
Twist-4 0.013 —0.352 —0.260
1.(x) 0.003 0.091 e
Hi(x) —0.001 0.002 -
Total 0.600 0.567 0.910
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over the entire domain. Furthermore, one presents the
contributions of different twist LCDAs to the D} — ¢
TFFs in Table IV. For both A;(0) and V(0), the contri-
butions from different twist DAs follow this key trend;
twist-2 > twist-3 ~ twist-4. For A,(0), we find that the
twist-4 DA contributes more significantly than the twist-3
DA component. Our systematic analysis demonstrates
that this phenomenon arises because surface terms
account for 61.2% of the total contributions in the
twist-4 calculation procedure. For the two simplified
distribution functions I, (x) and Hs(x), their contribu-
tions are significantly smaller when compared to those
from the twist-2. The dominance of the twist-2 term

1.01
—— This Work HMxT
LQCD'13 --- CCQM
cQm -~ - LFQM

Ai(g?)

041, , , , !

0.0 0.2 0.4 0.6 0.8
q%[GeV]?

1.31 —— This Work HMyT

LQCD'13  --- CCQM

cQMm - - LFQM

Ax(g?)

0'1 T T T T T
0.0 0.2 0.4 0.6 0.8
q%[GeV]?
2.0
—— This Work HMxT
LQCD'13 --- CCQM
cQM -~ - LFQM
1.64
T
>

1.2

0.0 0.2 0.4 06 0.8
q’[GeV]?
FIG.3. The extrapolated TFFs A;(¢?), A>(¢?*), and V(g?) in the
whole g? region, where the solid line are central values the shaded

bands are corresponding uncertainties. In addition, it is compared
with other predictions.

indicates a more convergent twist-expansion could be
achieved by using the chiral correlator.

Comparative studies of TFFs across the entire ¢> region
can reveal the consistency of theoretical approaches in the
transition region between nonperturbative and perturbative
regimes. For the extrapolation of TFFs, we employ the
SSE parametrizations. Different parametrization schemes
can affect the extracted slope. In Fig. 3, we present the
extrapolated behavior of TFFs across the entire g* region,
which also includes the HMyT [45], the CQM [46], the
LFQM [52], the CCQM [54] and the LQCD’13 [55]. The
shaded bands in our prediction arise from input parameter
variations, while other groups show their central predic-
tions. The slope of TFFs in Fig. 3 exhibits a slightly steeper
behavior compared to other theoretical predictions. The
advantage of employing the SSE parametrizations lies in its
ability to effectively translate the near-threshold behavior of
TFFs into constraints on the expansion coefficients. The
TFF A, (g?) shows good agreement with both CQM [46]
and LQCD’13 [55] within uncertainties, while A,(g?) and
V(g?*) exhibit behavior largely consistent with LFQM [52]
prediction.

Through those TFFs, we calculate the differential decay
width 1/]V > dT(DS. — ¢¢*v,)/dg?, and the results are
presented in Fig. 4. The HMy T [45], the LQCD’13 [55], the
CCQM [54], and the CQM [46] predictions are also
presented. The results indicate that in the high-g> region,
our differential decay width shows good agreement with
other results. Although there is a noticeable deviation in the
low-g region, this is reasonable. In the high-¢* region, our
behavioral prediction shows good agreement with the
LQCD’13 [55] within uncertainty bounds, while also being
largely consistent with both the CQM [46] and the HMy T
[45] results. On this basis, we choose to integrate > over
the entire physical region from m} to (Mp: —my)?,
resulting in the following:

60 1

w0l "(—, -

1/|Ves|?dridq?(Ds—¢L * vy)(107Gev 1)

201
—— This Work HMxT kY
... LQCD'13  --- CCQM E
cQm
0‘ T T T T T
0.0 0.2 0.4 0.6 0.8
q*[GeV?]

FIG. 4. The differential decay width 1/|V . |*dT(D% —
¢¢*v,)/dg? as a function of g%, where the solid lines are central
values and the shaded bands are corresponding uncertainties. In
addition, it is compared with other predictions.
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TABLE V. Comparison of experimental and theoretical predic-
tions on the branching fractions B(D; — ¢£*v,) with £ = e, u
and their corresponding errors (in unit: 1072).

B(D; — pe'v,) B(Dy — ¢u'tv,)

This work 2271102 2.2501 0387
HQEFT’06 [44] 2.5310% 2.40193
CQM’00 [46] 2.57 2.57
3PSR’03 [48] 1.80 4 0.50 cos
CCQM’19 [54] 3.01 2.85
BABAR'08 [42]  1.61 +0.03+0.17 o
BESIII'17 [8] 2.26 + 0.45 + 0.09 1.94 + 0.54
BESIII'23 [41] . 2.25+0.09 + 0.07
PDG [74] 2.39+0.16 224 +0.11

I = (16.075155])) x 1075 GeV,
Iy = (14.837119%) x 107 GeV,
T = (30.91213954) x 10715 GeV. (54)

Furthermore, by combining the lifetime of the initial
state D -meson 7p: = 0.504 ps and the CKM matrix
element |V | = 0.975 [74], we can obtain the branching
fractions for D} — ¢¢*v, with £ = (e,u), which are
shown in Table V. The analysis also incorporates systematic
comparisons between experimental measurements and
theoretical predictions, i.e., HQEFT [44], CQM [46],
3PSR [48], CCQM [54], BABAR [42], BESII [8.41],
and PDG [74]. Significantly, our measured branching
fraction for the highly anticipated p-channel decay shows
excellent agreement with BESIII'23 [41], while simulta-
neously demonstrating good consistency with BESIII’17
[8] in the e-channel measurements. The branching fraction
serves as a crucial observable in the SM, where its precise
theoretical predictions provide essential parameters for

TABLE VL The results of |V, in different channels are
compared, including the results of the experimental groups
and the theoretical group.

‘VCS‘
This work 0.9751 0087
PDG [74] 0.975 £ 0.006
HFLAV’24 [96] 0.9808 4= 0.0079 £ 0.0020
Bayesian’24 [97] 0.957 £0.003
HPQCD’21 [98] 0.9663(80)
LQCD’17 [99] 0.970(33)
Belle’13 [100] 0.97341(22)
CKMfitter’05 [101] 1.04 £0.16

BESIII(I)’ 15 [93]
BESIII(IT)’15 [94]
BESIII'18 [5]
BEIIl’21 [95]

0.9601 £ 0.0033 £ 0.0047 £ 0.0239
0.975 £ 0.008 £ 0.015 £ 0.025
0.955 + 0.005 £ 0.004 £ 0.024

0.973 £0.009 £ 0.014

connecting theoretical calculations with experimental
measurements.

In the SM, the CKM matrix elements are fundamental
parameters whose precise determination is both crucial
and indispensable. Moreover, the structure of the
SM requires the CKM matrix element to be unitary.
Therefore, independent precision determinations of CKM
matrix elements compared with experimental measure-
ments can test their orthogonality and probe the validity
of the SM. In Table VI, we present the pre-
dicted CKM matrix element |V | using the branching
fraction results B(DJ — ¢utv,) =2.25+0.09 £0.07
from BESIII’23 [41]. Additionally, we have compared
our results with those from different research groups,
including PDG [74], BESHI [5,93-95], HFLAV [96],
Bayesian [97], HPQCD [98], LQCD [99], Belle [100],
and CKMfitter [101]. As shown, our results demonstrate
excellent agreement with the PDG averages [74], while
also showing remarkable consistency with the BESIII
(I)’15 [93] experimental measurements. In comparison
with theoretical predictions, our results show close agree-
ment with LQCD’17 [99] calculations within uncertainty
ranges. Discrepancies remain between our predictions
and other theoretical groups due to methodological dif-
ferences, originating from distinct technical approaches.
This underscores the need for further investigation of
s§-composition mesons to achieve higher precision in
|V.s| determinations.

Meanwhile, one presents predictions for the polarization
parameters and asymmetry parameters AL, C&, P, P4,
and F{ of the D} — ¢ decay, providing more detailed
information for hadronic semileptonic decays in Fig. 5,
whose errors caused by different choices of input param-
eters are shown by shaded bands. In Fig. 5, one observe
distinct behaviors in the polarization and asymmetry
parameters between electrons and muons in the low-g?
region. This primarily arises because the electron’s negli-
gible mass renders its polarization effects less pronounced
in interactions, whereas the muon’s larger mass introduces
more complex interaction mechanisms, leading to unique
polarization and asymmetry patterns. Additionally, the
Fig. 5 reveals that all uncertainties are remarkably small,
particularly for observables like the longitudinal or trans-
verse polarization fractions (P{,P%) of the final-state
charged lepton, where the uncertainties are practically
negligible.

After performing the integration, one obtains the inte-
grated value of these observables, which are presented in
Table VII and compared with the results from the CCQM
[54] and the RQM [58]. The polarization and asymmetry
parameters exhibit distinct variations depending on the
lepton mass. Our predicted values are systematically
slightly lower than those of the RQM and CCQM but
remain entirely within the ranges predicted by these
models.

056008-12



STATUS OF THE D} — ¢¢ v, ...

PHYS. REV. D 112, 056008 (2025)

0.0 0.2 0.4 06 08
q%[GeV?]?
1.51
1.11
~ 0.71
S
< 0.3
.0‘1<
—4=e — 1=y
_0.5<V T T T T
0.0 02 0.4 06 08
q%[GeV??

0.0 0.2 0.4 06 08
q%[GeV??
1.0
0.8
~06
S
< 0.4
0.2
— I=e — I=pu
OIOAV T T T T
0.0 0.2 0.4 0.6 0.8
q°[GeV]?
0.2
_O'OA

-0.2 1

Prt(g?)

-0.4

-0.6 1

-0.81,

0.0 02

FIG. 5.

0.4 0.6 0.8
q*[GeV]?

The polarization and asymmetry parameters of the decay D] — ¢¢*v,, including their central values and uncertainties. The

solid lines represent the central values, while the shaded regions indicate the corresponding uncertainties.

TABLE VII. The polarization and asymmetry parameters of the
decay DI — ¢p¢ v, are calculated with all input parameters set
to their central values.

Arp Ars Cr Ck Py
This work -0.174 -0.203 —-0.393 -0.295 0.900
ccQM’19 [54] -0.18 =021 —-043 =034 1.00
RQM’20 [58] -021 -024 -049 -035 1.00

Pl P5 P F{ Fy
This work 0.781 -0.001 -0.145 0475 0471
CCQM’19 [54] 091 -0.11 -0.14 053  0.50
RQM’20 [58] 0.90 0.00 -0.15 054  0.54

IV. SUMMARY

In this work, we employed the LCHO model to con-
struct the transverse LCDA of the ¢-meson, and performed
LCSR calculations for the semileptonic decay DV —
¢¢ v, using right-handed chiral correlator. In our calcu-
lations, we proposed an improved transverse twist-2
LCDA ¢4(x,49) for the ¢-meson within the LCHO
model framework, with its behavior presented in Fig. 1.
Our model exhibits a double-peak behavior, showing
strong similarity to the conventional SR predictions. In
our study of D} — ¢ decays, we employed right-handed
chiral correlator in the LCSR framework to isolate distinct
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twist contributions. The TFFs are calculated at the large
recoil point g> =0 and have been given in Table II
Through those TFFs, we systematically calculated multiple
physical observables including the branching fractions, the
decay widths, and the polarization and asymmetry param-
eters. We have presented the differential decay width of the
semileptonic decay Dy — ¢¢ v, with £ = (e, ) in Fig. 4
and the branching fractions in Table V. For both e and u
channels, our theoretical predictions show full consistency
with experimental measurements within quoted uncertain-
ties. Additionally, we extracted the CKM matrix element
|V.s| from our analysis, with the determined value pre-
sented in Table VI. Our determined |V, | value shows
agreement with experimental measurements and is con-
sistent with the PDG average within uncertainties.
Furthermore, we have calculated the longitudinal, trans-
verse, and total decay widths, with the results presented in
Eq. (54). We further predicted the forward-backward
asymmetries, the lepton-side convexity parameters, as well
as lepton and vector meson longitudinal and polarization

parameters, which have been showed in Table VII and
Fig. 5. These observables are experimentally measurable in
the near future, and their measurements will provide crucial
tests for the validity of our ¢-meson LCDA model.

ACKNOWLEDGMENTS

Tao Zhong and Hai-Bing Fu would like to thank the
Institute of High Energy Physics of Chinese Academy of
Sciences for their warm and kind hospitality. This work was
supported in part by the National Natural Science Foundation
of China under Grants No. 12265009 and No. 12265010, the
Project of Guizhou Provincial Department of Science and
Technology under Grant No. MS[2025]219, No. CXTD
[2025]030, and No. ZK[2023]024.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

[1] M. Kobayashi and T. Maskawa, CP violation in the
renormalizable theory of weak interaction, Prog. Theor.
Phys. 49, 652 (1973).

[2] N. Cabibbo, Unitary symmetry and leptonic decays, Phys.
Rev. Lett. 10, 531 (1963).

[3] L. Wolfenstein, Parametrization of the Kobayashi-
Maskawa matrix, Phys. Rev. Lett. 51, 1945 (1983).

[4] M. Ablikim er al. (BESIII Collaboration), Measurement
of the branching fraction for the semi-leptonic decay
D"®) — 7=Oy*y, and test of lepton universality, Phys.
Rev. Lett. 121, 171803 (2018).

[S] M. Ablikim er al. (BESIII Collaboration), Study of the
D - K “u"v, dynamics and test of lepton flavor univer-
sality with D® — K=#*v, decays, Phys. Rev. Lett. 122,
011804 (2019).

[6] M. Ablikim (BESIII Collaboration), First observation of
D* — nu*v, and measurement of its decay dynamics,
Phys. Rev. Lett. 124, 231801 (2020).

[7] M. Ablikim et al. (BESIII Collaboration), Measurement of
the dynamics of the decays D — netw,, Phys. Rev.
Lett. 122, 121801 (2019).

[8] M. Ablikim et al. (BESIII Collaboration), Measurements
of the branching fractions for the semi-leptonic decays
DY — ¢petv,, putv,, nutv, and 'yt v, Phys. Rev. D 97,
012006 (2018).

[9] B.C. Ke, J. Koponen, H.B. Li, and Y. Zheng, Recent
progress in leptonic and semileptonic decays of charmed
hadronsAnnu. Rev. Nucl. Part. Sci. 73, 285 (2023).

[10] M. Ablikim et al. (BESIII Collaboration), First measure-
ment of the absolute branching fraction of A - pu=v,,
Phys. Rev. Lett. 127, 121802 (2021).

[11] Y.B. Li er al. (Belle Collaboration), Measurements of the
branching fractions of the semileptonic decays Z{
E~¢*v, and the asymmetry parameter of 20 — E~z7,
Phys. Rev. Lett. 127, 121803 (2021).

[12] Y.B. Li et al. (Belle Collaboration), First test of lepton
flavor universality in the charmed baryon decays Q0 —
Q~¢"v, using data of the Belle experiment, Phys. Rev. D
105, L091101 (2022).

[13] M. Ablikim et al. (BESIII Collaboration), Measurement of
the absolute branching fraction for Al — Ae™v,, Phys.
Rev. Lett. 115, 221805 (2015).

[14] H.B. Li and M.Z. Yang, Semileptonic decay of D] —
7°¢*v, via neutral meson mixing, Phys. Lett. B 811,
135879 (2020).

[15] M. Benayoun and H.B. O’Connell, Isospin symmetry
breaking within the HLS model: A Full (p, w, ¢) mixing
scheme, Eur. Phys. J. C 22, 503 (2001).

[16] M. Benayoun, P. David, L. DelBuono, O. Leitner, and
H.B. O’Connell, The dipion mass spectrum in e*e”
annihilation and tau decay: A dynamical (p, w, ¢») mixing
approach, Eur. Phys. J. C 55, 199 (2008).

[17] M. Benayoun, Effects of the (p, w, ¢) mixing on the dipion
mass spectrum in eTe” annihilation and 7 decay,
arXiv:0805.1835.

[18] W. Qian and B. Q. Ma, Tri-meson-mixing of z-#-r’ and
p-w-¢ in the light-cone quark model, Eur. Phys. J. C 65,
457 (2010).

[19] H. Fritzsch, The breaking of isospin and the rho omega
system, in Fluctuating Paths and Fields (World Scientific,
Singapore, 2001).

[20] C. M. Shakin and W. D. Sun, Microscopic foundations of
the vector meson dominance model via the momentum

—

056008-14


https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1103/PhysRevLett.10.531
https://doi.org/10.1103/PhysRevLett.10.531
https://doi.org/10.1103/PhysRevLett.51.1945
https://doi.org/10.1103/PhysRevLett.121.171803
https://doi.org/10.1103/PhysRevLett.121.171803
https://doi.org/10.1103/PhysRevLett.122.011804
https://doi.org/10.1103/PhysRevLett.122.011804
https://doi.org/10.1103/PhysRevLett.124.231801
https://doi.org/10.1103/PhysRevLett.122.121801
https://doi.org/10.1103/PhysRevLett.122.121801
https://doi.org/10.1103/PhysRevD.97.012006
https://doi.org/10.1103/PhysRevD.97.012006
https://doi.org/10.1146/annurev-nucl-110222-044046
https://doi.org/10.1103/PhysRevLett.127.121802
https://doi.org/10.1103/PhysRevLett.127.121803
https://doi.org/10.1103/PhysRevD.105.L091101
https://doi.org/10.1103/PhysRevD.105.L091101
https://doi.org/10.1103/PhysRevLett.115.221805
https://doi.org/10.1103/PhysRevLett.115.221805
https://doi.org/10.1016/j.physletb.2020.135879
https://doi.org/10.1016/j.physletb.2020.135879
https://doi.org/10.1007/s100520100806
https://doi.org/10.1140/epjc/s10052-008-0586-6
https://arXiv.org/abs/0805.1835
https://doi.org/10.1140/epjc/s10052-009-1220-y
https://doi.org/10.1140/epjc/s10052-009-1220-y

STATUS OF THE D} — ¢¢ v, ...

PHYS. REV. D 112, 056008 (2025)

space bosonization of an extended NJL model, Phys. Rev.
D 55, 2874 (1997).

[21] K. L. Mitchell and P. C. Tandy, Pion loop contribution to
p — o mixing and mass splitting, Phys. Rev. C 55, 1477
(1997).

[22] H.B. O’Connell, A.W. Thomas, and A.G. Williams,
Extracting the p — ® mixing amplitude from the pion
form-factor, Nucl. Phys. A623, 559 (1997).

[23] X.J. Wang and M. L. Yan, Isospin breaking and v — zzx
decay, Phys. Rev. D 62, 094013 (2000).

[24] D.N. Gao and M. L. Yan, p°-@ mixing in U(3); x U(3)x
chiral theory of mesons, Eur. Phys. J. A 3, 293 (1998).

[25] H. Fritzsch and A.S. Muller, Isospin symmetry breaking
and the p — w system, Nucl. Phys. B, Proc. Suppl. 96, 273
(2001).

[26] S.T.Liand G. Lii, Direct CP violation for BY — ¢z 7~ in
Perturbative QCD, Phys. Rev. D 99, 116009 (2019).

[27] H.B. O’Connell, B.C. Pearce, A.W. Thomas, and
A.G. Williams, p — @ mixing, vector meson dominance
and the pion form-factor, Prog. Part. Nucl. Phys. 39, 201
(1997).

[28] H.B. O’Connell, B. C. Pearce, A. W. Thomas, and A. G.
Williams, Constraints on the momentum dependence of
p — @ mixing, Phys. Lett. B 336, 1 (1994).

[29] H. B. O’Connell, Recent developments in p — @ mixing,
Aust. J. Phys. 50, 255 (1997).

[30] M. Benayoun, L. DelBuono, S. Eidelman, V.N.
Ivanchenko, and H. B. O’Connell, Radiative decays, nonet
symmetry and SU(3) breaking, Phys. Rev. D 59, 114027
(1999).

[31] M. Gronau and J. L. Rosner, B decays dominated by @~ ¢
mixing, Phys. Lett. B 666, 185 (2008).

[32] M. Gronau and J.L. Rosner, ® — ¢ mixing and weak
annihilation in D, decays, Phys. Rev. D 79, 074006
(2009).

[33] A. Kucukarslan and U.G. Meissner, @ — ¢ mixing in
chiral perturbation theory, Mod. Phys. Lett. A 21, 1423
(2006).

[34] Y.L. Yang, Y. L. Song, F. P. Peng, H. B. Fu, T. Zhong, and
S. Ullah, Exploring exclusive decay BT — w/Tv within
LCSR, Phys. Rev. D 112, 016002 (2025).

[35] F. Ambrosino, A. Antonelli, M. Antonelli, F. Archilli, P.
Beltrame, G. Bencivenni, S. Bertolucci, C. Bini, C. Bloise,
S. Bocchetta et al., A global fit to determine the pseudo-
scalar mixing angle and the gluonium content of the 7’
meson, J. High Energy Phys. 07 (2009) 105.

[36] Q. Huang, J. Z. Wang, R. G. Ping, and X. Liu, Detecting
the polarization in y.; — ¢¢ decays to probe hadronic
loop effect, Phys. Rev. D 103, 096006 (2021).

[37] M. K. Volkov, A. A. Pivovarov, and K. Nurlan, On the
mixing angle of the vector mesons @(782) and ¢(1020),
Mod. Phys. Lett. A 35, 2050200 (2020).

[38] A. Bramon, A. Grau, and G. Pancheri, Effective chiral
lagrangians with an SU(3) broken vector meson sector,
Phys. Lett. B 345, 263 (1995).

[39] A. Bramon, A. Grau, and G. Pancheri, Radiative vector
meson decays in SU(3) broken effective chiral Lagran-
gians, Phys. Lett. B 344, 240 (1995).

[40] M. Benayoun, L. DelBuono, P. Leruste, and H.B.
O’Connell, An effective approach to VMD at one loop

order and the departures from ideal mixing for vector
mesons, Eur. Phys. J. C 17, 303 (2000).

[41] M. Ablikim et al. (BESIII Collaboration), Studies of the
decay D — K*K~u*v,, J. High Energy Phys. 12 (2023)
072.

[42] B. Aubert et al. (BABAR Collaboration), Study of the
decay D — KTK~e"v,, Phys. Rev. D 78, 051101 (2008).

[43] J. Hietala, D. Cronin-Hennessy, T. Pedlar, and 1. Shipsey,
Exclusive D, semileptonic branching fraction measure-
ments, Phys. Rev. D 92, 012009 (2015).

[44] Y. L. Wu, M. Zhong, and Y. B. Zuo, B(y), D(s) = =, K, n, p,
K*, w, ¢ transition form factors and decay rates with
extraction of the CKM parameters |V |, |Vl |Veal, Int. .
Mod. Phys. A 21, 6125 (2000).

[45] S. Fajfer and J.F. Kamenik, Charm meson resonances
and D — V semileptonic form-factors, Phys. Rev. D 72,
034029 (2005).

[46] D. Melikhov and B. Stech, Weak form-factors for heavy
meson decays: An update, Phys. Rev. D 62, 014006
(2000).

[47] N.R. Soni and J.N. Pandya, Decay D] — ¢¢"v, in
covariant quark model, EPJ Web Conf. 202, 06010 (2019).

[48] D.S. Du, J.W. Li, and M.Z. Yang, Form-factors and
semileptonic decay of D] — ¢l from QCD sum rule, Eur.
Phys. J. C 37, 173 (2004).

[49] I Bediaga and M. Nielsen, Dy decays into ¢ and f(,(980)
mesons, Phys. Rev. D 68, 036001 (2003).

[50] R. C. Verma, Decay constants and form factors of s-wave
and p-wave mesons in the covariant light-front quark
model, J. Phys. G 39, 025005 (2012).

[51] H. Y. Cheng and X.W. Kang, Branching fractions of
semileptonic D and D, decays from the covariant light-
front qluark model, Eur. Phys. J. C 77, 587 (2017).

[52] Q. Chang, X.N. Li, and L. T. Wang, Revisiting the form
factors of P — V transition within the light-front quark
models, Eur. Phys. J. C 79, 422 (2019).

[53] T. M. Aliev, M. Savci, and A. Ozpineci, Form factors of
D — ¢£v decay in QCD light cone sum rule, Eur. Phys.
J. C 38, 85 (2004).

[54] M. A. Ivanov, J. G. Koérner, J. N. Pandya, P. Santorelli,
N.R. Soni, and C. T. Tran, Exclusive semileptonic decays
of D and Dy mesons in the covariant confining quark
model, Front. Phys. (Beijing) 14, 64401 (2019).

[55] G.C. Donald, C. T. H. Davies, J. Koponen, and G. P.
Lepage (HPQCD Collaboration), V., from D; — ¢Zv
semileptonic decay and full lattice QCD, Phys. Rev. D
90, 074506 (2014).

[56] G. Donald, C. Davies, and J. Koponen, Axial vector form
factors in D, — ¢ semileptonic decays from lattice QCD,
Proc. Sci. LATTICE2011 (2011) 278 [arXiv:1111.0254].

[57] J. Koponen et al. (HPQCD Collaboration), The D — K
and D — 7z semileptonic decay form factors from
Lattice QCD, Proc. Sci. LATTICE2011 (2011) 286
[arXiv:1111.0225].

[58] R. N. Faustov, V. O. Galkin, and X. W. Kang, Semileptonic
decays of D and D, mesons in the relativistic quark model,
Phys. Rev. D 101, 013004 (2020).

[59] R. N. Faustov and V. O. Galkin, Charmless weak B, decays
in the relativistic quark model, Phys. Rev. D 87, 094028
(2013).

056008-15


https://doi.org/10.1103/PhysRevD.55.2874
https://doi.org/10.1103/PhysRevD.55.2874
https://doi.org/10.1103/PhysRevC.55.1477
https://doi.org/10.1103/PhysRevC.55.1477
https://doi.org/10.1016/S0375-9474(97)88425-4
https://doi.org/10.1103/PhysRevD.62.094013
https://doi.org/10.1007/s100500050180
https://doi.org/10.1016/S0920-5632(01)01141-0
https://doi.org/10.1016/S0920-5632(01)01141-0
https://doi.org/10.1103/PhysRevD.99.116009
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1016/0370-2693(94)00991-0
https://doi.org/10.1071/P96041
https://doi.org/10.1103/PhysRevD.59.114027
https://doi.org/10.1103/PhysRevD.59.114027
https://doi.org/10.1016/j.physletb.2008.07.016
https://doi.org/10.1103/PhysRevD.79.074006
https://doi.org/10.1103/PhysRevD.79.074006
https://doi.org/10.1142/S0217732306020743
https://doi.org/10.1142/S0217732306020743
https://doi.org/10.1103/pp6k-rgvp
https://doi.org/10.1088/1126-6708/2009/07/105
https://doi.org/10.1103/PhysRevD.103.096006
https://doi.org/10.1142/S0217732320502004
https://doi.org/10.1016/0370-2693(94)01625-M
https://doi.org/10.1016/0370-2693(94)01543-L
https://doi.org/10.1007/s100520000463
https://doi.org/10.1007/JHEP12(2023)072
https://doi.org/10.1007/JHEP12(2023)072
https://doi.org/10.1103/PhysRevD.78.051101
https://doi.org/10.1103/PhysRevD.92.012009
https://doi.org/10.1142/S0217751X06033209
https://doi.org/10.1142/S0217751X06033209
https://doi.org/10.1103/PhysRevD.72.034029
https://doi.org/10.1103/PhysRevD.72.034029
https://doi.org/10.1103/PhysRevD.62.014006
https://doi.org/10.1103/PhysRevD.62.014006
https://doi.org/10.1051/epjconf/201920206010
https://doi.org/10.1140/epjc/s2004-01979-9
https://doi.org/10.1140/epjc/s2004-01979-9
https://doi.org/10.1103/PhysRevD.68.036001
https://doi.org/10.1088/0954-3899/39/2/025005
https://doi.org/10.1140/epjc/s10052-017-5170-5
https://doi.org/10.1140/epjc/s10052-019-6949-3
https://doi.org/10.1140/epjc/s2004-02034-9
https://doi.org/10.1140/epjc/s2004-02034-9
https://doi.org/10.1007/s11467-019-0908-1
https://doi.org/10.1103/PhysRevD.90.074506
https://doi.org/10.1103/PhysRevD.90.074506
https://doi.org/10.22323/1.139.0278
https://arXiv.org/abs/1111.0254
https://doi.org/10.22323/1.139.0286
https://arXiv.org/abs/1111.0225
https://doi.org/10.1103/PhysRevD.101.013004
https://doi.org/10.1103/PhysRevD.87.094028
https://doi.org/10.1103/PhysRevD.87.094028

WANG, HU, LUO, ZHONG, and FU

PHYS. REV. D 112, 056008 (2025)

[60] R. N. Faustov and V. O. Galkin, Weak decays of B; mesons
to D mesons in the relativistic quark model, Phys. Rev. D
87, 034033 (2013).

[61] D. Ebert, R.N. Faustov, and V. O. Galkin, Heavy-light
meson spectroscopy and Regge trajectories in the relativ-
istic quark model, Eur. Phys. J. C 66, 197 (2010).

[62] F. Hussain, A.N. Ivanov, and N.I. Troitskaya, On the
form-factors of the Dy — ¢u*v, decay, Phys. Lett. B 369,
351 (1996).

[63] T. Sekihara and E. Oset, Investigating the nature of light
scalar mesons with semileptonic decays of D mesons,
Phys. Rev. D 92, 054038 (2015).

[64] H.B. Fu, X.G. Wu, and Y. Ma, B —» K* transition form
factors and the semi-leptonic decay B — K*u*u~, J. Phys.
G 43, 015002 (2016).

[65] P. Ball and R. Zwicky, B, — p,o,K*,¢ decay form-
factors from light-cone sum rules revisited, Phys. Rev. D
71, 014029 (2005).

[66] H.J. Melosh, Quarks: Currents and constituents, Phys.
Rev. D 9, 1095 (1974).

[67] J.h. Yu, B. W. Xiao, and B. Q. Ma, Space-like and time-
like pion-rho transition form factors in the light-cone
formalism, J. Phys. G 34, 1845 (2007).

[68] S.B. Wu, H.J. Tian, Y.L. Yang, W. Cheng, H.B. Fu,
and T. Zhong, Footprint in fitting B — D vector form
factor and determination for D-meson leading-twist
LCDA, Eur. Phys. J. C 85, 552 (2025).

[69] T. Huang, Z. H. Li, and X. Y. Wu, Improved approach to
the heavy to light form-factors in the light cone QCD sum
rules, Phys. Rev. D 63, 094001 (2001).

[70] P. Ball, V.M. Braun, and A. Lenz, Twist-4 distribution
amplitudes of the K* and ¢-mesons in QCD, J. High
Energy Phys. 08 (2007) 090.

[71] H. B. Fu, L. Zeng, R. Lii, W. Cheng, and X. G. Wu, The
D — p semileptonic and radiative decays within the light-
cone sum rules, Eur. Phys. J. C 80, 194 (2020).

[72] D.D. Hu, X.G. Wu, L. Zeng, H.B. Fu, and T. Zhong,
Improved light-cone harmonic oscillator model for the
¢-meson longitudinal leading-twist light-cone distribution
amplitude and its effects to DY — ¢£ v, Phys. Rev. D
110, 056017 (2024).

[73] T. Zhong, Y. H. Dai, and H. B. Fu, p-meson longitudinal
leading-twist distribution amplitude revisited and the D — p
semileptonic decay*, Chin. Phys. C 48, 063108 (2024).

[74] S. Navas et al. (Particle Data Group), Review of particle
physics, Phys. Rev. D 110, 030001 (2024).

[75] P. Ball and R. Zwicky, New results on B — =, K, decay
formfactors from light-cone sum rules, Phys. Rev. D 71,
014015 (2005).

[76] T. Huang, T. Zhong, and X. G. Wu, Determination of the
pion distribution amplitude, Phys. Rev. D 88, 034013
(2013).

[77] S.J. Brodsky, T. Huang, and G. P. Lepage, Hadronic wave
functions and high momentum transfer interactions in
quantum chromodynamics, Conf. Proc. C 810816, 143
(1981).

[78] X.G. Wu and T. Huang, An implication on the pion
distribution amplitude from the pion-photon transition
form factor with the new BABAR data, Phys. Rev. D 82,
034024 (2010).

[79] X.G. Wu and T. Huang, Constraints on the light pseudo-
scalar meson distribution amplitudes from their meson-
photon transition form factors, Phys. Rev. D 84, 074011
(2011).

[80] T. Huang, B. Q. Ma, and Q. X. Shen, Analysis of the pion
wave function in light cone formalism, Phys. Rev. D 49,
1490 (1994).

[81] T. Huang and X.G. Wu, A model for the twist-3 wave
function of the Pion and its contribution to the pion form-
factor, Phys. Rev. D 70, 093013 (2004).

[82] X. G. Wu and T. Huang, 7 electromagnetic form-factor in
the K7 factorization formulae, Int. J. Mod. Phys. A 21, 901
(2006).

[83] F. Gao, L. Chang, Y. X. Liu, C.D. Roberts, and S. M.
Schmidt, Parton distribution amplitudes of light vector
mesons, Phys. Rev. D 90, 014011 (2014).

[84] J. Hua, M.-H. Chu, P. Sun, W. Wang, J. Xu, Y.-B. Yang,
J.-H. Zhang, and Q.-A. Zhang (Lattice Parton Collabora-
tion), Distribution amplitudes of K* and ¢ at the physical
pion mass from lattice QCD, Phys. Rev. Lett. 127, 062002
(2021).

[85] H.J. Tian, H. B. Fu, T. Zhong, Y. X. Wang, and X. G. Wu,
Rare decay B — K*¢*#_(v0) under the QCD sum rules
approach, Phys. Rev. D 111, 076013 (2025).

[86] Y. X. Wang, H. J. Tian, Y. L. Yang, T. Zhong, and H. B. Fu,
Prospective analysis of CKM element |V ;| and D" -meson
decay constant from leptonic decays DT — #*v, Phys.
Lett. B 861, 139240 (2025).

[87] D.D. Hu, X. G. Wu, H. B. Fu, T. Zhong, Z. H. Wu, and L.
Zeng, Properties of the 5, leading-twist distribution am-
plitude and its effects to the B/D* — y)¢*v, decays,
Eur. Phys. J. C 84, 15 (2024).

[88] H.J. Tian, H. B. Fu, T. Zhong, X. Luo, D. D. Hu, and Y. L.
Yang, Investigating the Dy — 7z°¢*v, decay process
within the QCD sum rule approach, Phys. Rev. D 108,
076003 (2023).

[89] J. Gill (UKQCD Collaboration), Semileptonic decay of a
heavy light pseudoscalar to a light vector meson, Nucl.
Phys. B, Proc. Suppl. 106, 391 (2002).

[90] J. M. Link et al. (FOCUS Collaboration), New measure-
ments of the D*. — ¢u*v form-factor ratios, Phys. Lett. B
586, 183 (2004).

[91] B. Aubert et al. (BABAR Collaboration), Measurement of
the hadronic form-factors in D] — ¢e'tv, decays, arXiv:
hep-ex/0607085.

[92] P. Ball and G.W. Jones, Twist-3 distribution ampli-
tudes of K* and ¢ mesons, J. High Energy Phys. 03
(2007) 069.

[93] M. Ablikim et al. (BESIII Collaboration), Study of dyna-
mics of D - K~ety, and D° — n~e*v, decays, Phys.
Rev. D 92, 072012 (2015).

[94] M. Ablikim et al. (BESIII Collaboration), Study of decay
dynamics and CP asymmetry in D* — Ketu, decay,
Phys. Rev. D 92, 112008 (2015).

[95] M. Ablikim et al. (BESIII Collaboration), Measurement of
the absolute branching fractions for purely leptonic D
decays, Phys. Rev. D 104, 052009 (2021).

[96] S. Banerjee et al. (Heavy Flavor Averaging Group
(HFLAYV) Collaboration), Averages of b-hadron, c-hadron,
and 7-lepton properties as of 2023, arXiv:2411.18639.

056008-16


https://doi.org/10.1103/PhysRevD.87.034033
https://doi.org/10.1103/PhysRevD.87.034033
https://doi.org/10.1140/epjc/s10052-010-1233-6
https://doi.org/10.1016/0370-2693(95)01532-9
https://doi.org/10.1016/0370-2693(95)01532-9
https://doi.org/10.1103/PhysRevD.92.054038
https://doi.org/10.1088/0954-3899/43/1/015002
https://doi.org/10.1088/0954-3899/43/1/015002
https://doi.org/10.1103/PhysRevD.71.014029
https://doi.org/10.1103/PhysRevD.71.014029
https://doi.org/10.1103/PhysRevD.9.1095
https://doi.org/10.1103/PhysRevD.9.1095
https://doi.org/10.1088/0954-3899/34/7/021
https://doi.org/10.1140/epjc/s10052-025-14275-x
https://doi.org/10.1103/PhysRevD.63.094001
https://doi.org/10.1088/1126-6708/2007/08/090
https://doi.org/10.1088/1126-6708/2007/08/090
https://doi.org/10.1140/epjc/s10052-020-7758-4
https://doi.org/10.1103/PhysRevD.110.056017
https://doi.org/10.1103/PhysRevD.110.056017
https://doi.org/10.1088/1674-1137/ad34be
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.71.014015
https://doi.org/10.1103/PhysRevD.71.014015
https://doi.org/10.1103/PhysRevD.88.034013
https://doi.org/10.1103/PhysRevD.88.034013
https://doi.org/10.1103/PhysRevD.82.034024
https://doi.org/10.1103/PhysRevD.82.034024
https://doi.org/10.1103/PhysRevD.84.074011
https://doi.org/10.1103/PhysRevD.84.074011
https://doi.org/10.1103/PhysRevD.49.1490
https://doi.org/10.1103/PhysRevD.49.1490
https://doi.org/10.1103/PhysRevD.70.093013
https://doi.org/10.1142/S0217751X06032277
https://doi.org/10.1142/S0217751X06032277
https://doi.org/10.1103/PhysRevD.90.014011
https://doi.org/10.1103/PhysRevLett.127.062002
https://doi.org/10.1103/PhysRevLett.127.062002
https://doi.org/10.1103/PhysRevD.111.076013
https://doi.org/10.1016/j.physletb.2024.139240
https://doi.org/10.1016/j.physletb.2024.139240
https://doi.org/10.1140/epjc/s10052-023-12333-w
https://doi.org/10.1103/PhysRevD.108.076003
https://doi.org/10.1103/PhysRevD.108.076003
https://doi.org/10.1016/S0920-5632(01)01724-8
https://doi.org/10.1016/S0920-5632(01)01724-8
https://doi.org/10.1016/j.physletb.2004.02.015
https://doi.org/10.1016/j.physletb.2004.02.015
https://arXiv.org/abs/hep-ex/0607085
https://arXiv.org/abs/hep-ex/0607085
https://doi.org/10.1088/1126-6708/2007/03/069
https://doi.org/10.1088/1126-6708/2007/03/069
https://doi.org/10.1103/PhysRevD.92.072012
https://doi.org/10.1103/PhysRevD.92.072012
https://doi.org/10.1103/PhysRevD.92.112008
https://doi.org/10.1103/PhysRevD.104.052009
https://arXiv.org/abs/2411.18639

STATUS OF THE D} — ¢¢ v, ...

PHYS. REV. D 112, 056008 (2025)

[97] C. Bolognani, M. Reboud, D. van Dyk, and K. K. Vos,
Constraining |V | and physics beyond the standard model
from exclusive (semi)leptonic charm decays, J. High
Energy Phys. 09 (2024) 099.

[98] B. Chakraborty, W. G. Parrott, C. Bouchard, C. T. H.
Davies, J. Koponen, and G. P. Lepage (HPQCD Collabora-
tion), Improved V., determination using precise lattice QCD
form factors for D — KZv, Phys. Rev. D 104,034505 (2021).

[99] L. Riggio, G. Salerno, and S. Simula, Extraction
of |V.4| and |V, from experimental decay rates using

lattice QCD D — z(K)¢v form factors, Eur. Phys. J. C 78,
501 (2018).

[100] A. Zupanc et al. (Belle Collaboration), Measurements of
branching fractions of leptonic and hadronic Dy meson
decays and extraction of the DY meson decay constant,
J. High Energy Phys. 09 (2013) 139.

[101] J. Charles et al. (CKMfitter Group Collaboration),
CP violation and the CKM matrix: Assessing the
impact of the asymmetric B factories, Eur. Phys. J. C
41, 1 (2005).

056008-17


https://doi.org/10.1007/JHEP09(2024)099
https://doi.org/10.1007/JHEP09(2024)099
https://doi.org/10.1103/PhysRevD.104.034505
https://doi.org/10.1140/epjc/s10052-018-5943-5
https://doi.org/10.1140/epjc/s10052-018-5943-5
https://doi.org/10.1007/JHEP09(2013)139
https://doi.org/10.1140/epjc/s2005-02169-1
https://doi.org/10.1140/epjc/s2005-02169-1

	Status of the Ds+&rarr;ϕ&ell;+&nu;&ell; decay with a chiral-odd ϕ-meson light-cone distribution amplitude
	I. INTRODUCTION
	II. THEORETICAL FRAMEWORK
	III. NUMERICAL ANALYSIS
	IV. SUMMARY
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


