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In this study, we present a comprehensive analysis of decay constants and chiral-even and chiral-odd
distribution amplitudes (DAs) up to twist 4 for the ρmeson in the standard light-front quark model (LFQM)
based on the Bakamjian-Thomas (BT) construction. For the ρ meson, which possesses both longitudinal

(h ¼ 0) and transverse ðh ¼ �1Þ polarizations, two types of decay constants, fkρ and f⊥ρ , arises
accordingly. We demonstrate that these decay constants can be self-consistently extracted from both
local (zμ ¼ 0) and nonlocal (zμ ≠ 0) matrix elements h0jq̄ðzÞΓqð−zÞjρðP; hÞi, with Γ ¼ ðγμ; σμν; γμγ5; 1Þ,
in a manner independent of current components, polarizations, and reference frames. In particular, we
emphasize the role of nonlocal matrix elements involving axial-vector and scalar currents, where mixing

between fkρ and f⊥ρ occurs. We show that this mixing is consistently resolved through the BT construction,
ensuring the proper extraction of these decay constants. Additionally, we investigate the structure of chiral-

even DAs (ϕk
2;V;ϕ

k
3;V;ψ

⊥
3;A;ϕ

k
4;V) and chiral-odd DAs (ϕ⊥

2;T;ϕ
⊥
3;T;ψ

k
3;S;ϕ

⊥
4;T) beyond leading twists, and

present their corresponding ξ-moments and Gegenbauer moments. These results provide deeper insight
into the nonperturbative structure of vector mesons and demonstrate the robustness and self-consistency of
the LFQM based on the BT framework.

DOI: 10.1103/hhk8-g2bj

I. INTRODUCTION

Meson distribution amplitudes (DAs) play a fundamental
role in hadron physics, encapsulating the internal quark-
gluon structure of mesons and enhancing the computational
precision of high-energy processes, form factors, and exclu-
sive decays within the collinear factorization and pertur-
bative quantum chromodynamics (QCD) frameworks [1–3].
As essential nonperturbative inputs, DAs provide critical

insights into QCD and meson properties. Leading-twist
DAs describe the momentum distribution of valence
quarks, offering the primary approximation for parton
distributions at high momentum. In contrast, higher-twist
DAs incorporate quark-gluon interactions, transverse

parton motion, and higher Fock state contributions, refining
our understanding of hadronic processes across different
energy scales.
The increasing experimental precision at facilities such as

KEKII [4], LHC [5], JLAB [6], and the future Electron-Ion-
Collider (EIC) [7,8] presents new opportunities to explore
higher-twist effects in hadronic structures [9–12]. Various
theoretical approaches—including QCD sum rules (SRs)
[13–19], light-cone sum rules [20], the instanton vacuum
model [21–23], chiral-quark and Nambu–Jona-Lasinio mod-
els [24,25], the Dyson-Schwinger equation (DSE) approach
[26,27], and the light-front quark model (LFQM) [28–32]—
have been employed to study leading- and higher-twist DAs.
In light-front dynamics (LFD) [33], meson DAs are

defined as matrix elements of quark-antiquark bilocal
operators on the light cone, providing a powerful tool
for studying quark-gluon dynamics within hadrons. LFD
simplifies the vacuum structure, ensures boost invariance,
and facilitates factorization theorems, making it an effective
framework for exploring high-energy processes and parton
distributions. The LFQM, based on LFD, treats mesons as
bound states of a constituent quark and a constituent anti-
quark and has successfully provided a unified description
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of meson mass spectra as well as various observables
related to their wave functions [34–47]. Nevertheless, the
LF zero mode remains a long-standing issue in LFD,
presenting a major challenge in this framework [48–55].
While leading-twist DAs can typically be computed in a
zero-mode-free manner by selecting a “good” current
component, such as Jþ, the calculation of higher-twist
DAs is significantly more challenging. This is because they
often involve the “bad” current component, such as J−,
which requires careful treatment of LF zero modes.
Therefore, accurate computations of higher-twist DAs
not only serve as a crucial test of the self-consistency of
phenomenological models but also provide deeper insights
into hadronic quark-gluon dynamics.
In the development of the LFQM, both (1) consistency

with manifest covariance and (2) a realistic phenomeno-
logical description of hadron structure and spectroscopy
have been key ingredients. (1) To ensure the manifest
covariance of the LFQM, one may take the approach of
constructing the LFQM starting from the LF projection of a
manifestly covariant Bethe-Salpeter (BS) field-theoretic
model. This approach [53–56], denoted as the “LFBS
model,” employs Pauli-Villars regularization to extract LF
wave functions (LFWFs) and typically adopts a symmetric
or nonsymmetric multipole ansatz for the meson-quark
vertex function. In this model, the constituent quark (Q)
and antiquark (Q̄) are generally off-mass-shell, leading to
nonconservation of LF energy at the meson-quark vertex.
This results in a nonzero binding energy, implying
M ≠ M0, where M is the physical rest mass of the
meson and M0 is the invariant mass of the quark and
antiquark. The LF zero mode arising in the LFBS model
with a multipole-type wave function proportional to
1=ðM2 −M2

0Þn can be explicitly identified, as discussed
in Refs. [53–56]. Additionally, both potential LF zero
modes and instantaneous contributions from the off-
shellness of quark propagators can be carefully addressed
in this framework. (2) For the more realistic phenomenol-
ogy of the LFQM, the approach often referred to as
“standard LFQM” has been taken, constructing the model
based on a noninteracting quark-antiquark representation.
This approach [34–42] employs the spin-orbit (SO) wave
function obtained via the interaction-independent Melosh
transformation [57], together with a Gaussian-type or other
phenomenological radial wave function. In contrast to
the LFBS model, the standard LFQM constrains the
quark and antiquark to be on their respective mass shells,
ensuring four-momentum conservation at the meson-quark
vertex, P ¼ pQ þ pQ̄, where P and pQðQ̄Þ denote the
momenta of the meson and its constituent quark (anti-
quark), respectively. Notably, conservation of LF energy
(P− ¼ p−

Q þ p−
Q̄) at the meson-quark vertex necessitates

treating the meson mass M as the invariant mass M0.
Our LFQM [34–39] follows the standard LFQM

framework, incorporating the quark-antiquark interaction

potential VQQ̄ through a QCD-motivated effective Hamil-
tonian, HQQ̄ ¼ M0 þ VQQ̄. The meson mass spectrum is
determined by the eigenvalue equation, HQQ̄jΨi ¼
ðM0 þ VQQ̄ÞjΨi. For consistency with manifest covari-
ance, however, this formulation aligns with the Bakamjian-
Thomas (BT) construction [58,59], in which the meson
state consists of a noninteracting QQ̄ representation,
with interactions incorporated into the mass operator,
M ≔ M0 þ VQQ̄. This approach ensures the preservation
of the Poincaré group structure and commutation relations.
While standard LFQMs generally offer greater predictive

power than LFBS models, their lack of manifest covariance
complicates the treatment of LF zero modes. Hadronic
matrix elements are typically computed as

hP0jq̄ΓμqjPi ¼ PμF ; ð1Þ

where F represents an observable (e.g., decay constants or
form factors) and Pμ is the associated Lorentz factor.
In most standard LFQM calculations of Eq. (1), referred

to as the “conventional LFQM,” the BT construction
(M → M0) is applied only to the matrix element, while
Pμ is treated as an external kinematic variable, independent
of internal momenta:

F ¼ 1

Pμ hP0jq̄ΓμqjPiBT: ð2Þ

The subscript “BT” highlights that the BT construction is
applied only to the matrix element, but not to the Lorentz
factor Pμ. It is often observed from Eq. (2) that when F is
extracted from a “good” current component, such as the
plus current, where Pþ is independent ofM, it remains free
from LF zero modes. However, when computed from the
minus current, where P− explicitly depends on M, F
generally exhibits LF zero modes.
In our recent studies on the decay constants of pseudo-

scalar and vector mesons [39,60] and the pion electromag-
netic form factor [61] within the standard LFQM, we
explicitly demonstrated that ensuring current-component
independence in F requires the uniform application of the
BT construction. Specifically, the substitution M → M0

must be applied consistently to both the matrix element and
the Lorentz factor. This formulation guarantees self-con-
sistency and eliminates LF zero mode contamination by
computing

F ¼ hP0j q̄Γ
μq

Pμ jPiBT; ð3Þ

where the subscript “BT” indicates that Pμ is evaluated
within the integral over internal momenta. In particular, for
the minus current, the physical mass M in P− must be
replaced with M0. This substitution effectively absorbs the
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LF zero mode, ensuring a well-defined and physically
meaningful formalism.
The uniform application of the BT construction in the

standard LFQM, as demonstrated in Refs. [46,60,61], was
first proposed in Ref. [30] for vector meson decay con-
stants. This approach originates from the covariant BS
model [54,55] and transitions to the standard LFQM via a
matching condition, which we termed the “Type II” link
[see Eq. (49) in Ref. [30] ]. A key aspect of this link is
replacing M in matrix element integrands with M0, effec-
tively imposing the on-mass-shell condition for the con-
stituent quark and antiquark in the LFQM.
Subsequent studies utilizing this link have explored

twist-2 and twist-3 DAs and decay constants for pseudo-
scalar mesons [31,32], as well as semileptonic and rare
decays between pseudoscalar mesons [43,44], consistently
yielding current-component-independent results. Notably,
in Ref. [39], the equivalence between results obtained
via the Type II link and direct LFQM calculations was
explicitly demonstrated, further validating its role in
ensuring self-consistency across analyses. To highlight this
systematic approach—aligned with the BT construction in
computing physical observables—we refer to our frame-
work as the “self-consistent LFQM.”
The purpose of this work is to complete the study of

vector meson properties by extending our previous self-
consistent LFQM analyses [30,39] on vector meson decay
constants and chiral-even DAs to include chiral-odd DAs
up to twist 4.
For the ρ meson, which has both longitudinal (h ¼ 0)

and transverse ðh ¼ �1Þ polarizations, there exist two

types of decay constants: fkρ and f⊥ρ , respectively. We
demonstrate that these decay constants, associated with
polarization vectors ϵh, can be consistently obtained from
the matrix elements h0jq̄ðzÞΓqð−zÞjρðP; hÞi, where Γ ¼
ðγμ; σμν; γμγ5; 1Þ for both local (zμ ¼ 0) and nonlocal
(zμ ≠ 0) matrix elements, in a process-independent manner.
Of particular importance are the nonlocal matrix elements
involving axial-vector and scalar currents, where mixing

occurs between fkρ and f⊥ρ . We show that the correct
extraction of these decay constants from the mixing is
ensured by employing the BT construction.
Furthermore, we examine the structure of chiral-

even DAs (ϕk
2;V;ϕ

k
3;V;ψ

⊥
3;A;ϕ

k
4;V) and chiral-odd DAs

(ϕ⊥
2;T;ϕ

⊥
3;T;ψ

k
3;S;ϕ

⊥
4;T) beyond leading twist, along with

their ξ-moments and Gegenbauer moments. Their behavior
in the chiral limit (m → 0) is also computed, showing
consistency with results from QCD sum rules [13].
The paper is organized as follows: in Sec. II, we outline

the LFQM and describe the light-front wave functions of
the ρð1SÞ meson. Section III examines the decay constants
derived from four distinct current operators, demonstrating
their process independence and rotational invariance. In
Sec. IV, we discuss chiral-even and chiral-odd DAs up to

twist 4, obtained from three local and nonlocal current
operators Γ, and analyze their ξ-moments and Gegenbauer
moments. Finally, Sec. V presents our conclusions.

II. LIGHT-FRONT QUARK MODEL

In our LFQM [34–39], a meson is described as a quark-
antiquark bound state with total momentum P, where the
Fock state expansion is truncated to include only the
constituent quark (Q) and antiquark (Q̄). The model
represents the Fock state as a noninteracting QQ̄ pair, with
their interactions incorporated into the mass operator,
defined as M ≔ M0 þ VQQ̄. This formulation ensures
consistency with the Poincaré group’s commutation rela-
tions for a two-body bound state. The resulting interactions
are encapsulated in the LFWF ΨQQ̄, which is obtained
as the eigenfunction of the QCD-motivated effective
Hamiltonian: HQQ̄jΨQQ̄i ¼ MjΨQQ̄i [34–39].
In our LFQM mass spectrum analysis, a Gaussian-type

radial wave function [34,35] is used as a variational trial
function to determine mass eigenvalues and model para-
meters. Other types of radial wave functions, such as
power-law [28], harmonic oscillator (HO) [36–38,62], or
Gaussian expansion [45], have also been employed to
model the wave functions and improve specific features.
Once these parameters are fixed, they are applied to
compute observables such as decay constants and form
factors [29,34–38,43]. Focusing on the self-consistent
analysis of decay constants and higher-twist DAs for the
ρð1SÞ meson, we provide a brief overview of the LFWFs,
highlighting key aspects constrained by the on-mass-shell
condition of its constituents.
The meson’s four-momentum in LFD is given by

P¼ ðPþ;P−;P⊥Þ, where Pþ ¼ P0 þP3 and P− ¼
P0 −P3 denote the LF longitudinal momentum and
energy, respectively, while P⊥ ¼ ðP1; P2Þ represents the
transverse momenta. We adopt the metric conven-
tion P2 ¼ PþP− − P2⊥.
The meson state jMðP; J; hÞi, with momentum P and

spin state ðJ; hÞ, is constructed as [40,63,64]

jMi ¼
Z

½d3p̄1�½d3p̄2�2ð2πÞ3δ3ðP̄ − p̄1 − p̄2Þ

×
X
λ1;λ2

ΨJh
λ1λ2

ðx; k⊥Þjqλ1ðp1Þq̄λ2ðp2Þi; ð4Þ

where pμ
i and λi are the on-mass-shell (p2

i ¼ m2
i ) momenta

and helicities of the constituent quark (i ¼ 1) and anti-
quark (i ¼ 2), respectively. The LF three-momentum is
defined as p̄ ¼ ðpþ; p⊥Þ, with the integration measure
½d3p̄�≡ dpþd2p⊥=ð16π3Þ. The LF internal relative
momentum variables ðx; k⊥Þ are defined as xi ¼ pþ

i =P
þ

and ki⊥ ¼ pi⊥ − xiP⊥, where
P

i xi ¼ 1 and
P

i ki⊥ ¼ 0.
We set x ¼ x1 and k⊥ ¼ k1⊥. The meson state satisfies the
normalization condition:
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hM0jMi ¼ 2ð2πÞ3Pþδ3ðP̄0 − P̄ÞδJ0Jδh0h; ð5Þ

where M0 ¼ MðP0; J0; h0Þ.
In momentum space, the LFWF of a meson is decom-

posed as

ΨJh
λ1λ2

ðx; k⊥Þ ¼ Φðx; k⊥ÞRJh
λ1λ2

ðx; k⊥Þ; ð6Þ

where Φðx; k⊥Þ is the radial wave function used in our
variational mass spectroscopic analysis [34–38], and RJh

λ1λ2
is the spin-orbit (SO) wave function, obtained via the
interaction-independent Melosh transformation [57], from
the ordinary SO wave function assigned by the quantum
number JPC.
A key feature of the LF formulation for bound states, as

expressed in Eq. (4), is the frame independence of the
LFWF [33]. Unlike in the instant form, where wave
functions depend on the hadron’s overall motion, the
internal variables ðx; k⊥Þ in the LFWF remain unchanged
under boosts to any physical ðPþ;P⊥Þ frame.
In our LFQM, the ρmeson is treated under SU(2) isospin

symmetry, assuming equal up and down quark masses,
denoted as m1 ¼ m2 ¼ m. The interaction-independent SO
wave function, consistent with the BT construction, can
then be written in a covariant form [41,42] as

R1h
λ1λ2

¼ 1ffiffiffi
2

p
M0

ūλ1ðp1Þ
�
−=ϵhþ

ðp1−p2Þ · ϵh
M0þ 2m

�
vλ2ðp2Þ; ð7Þ

where the boost-invariant meson mass squared is given by

M2
0 ¼

k2⊥ þm2

xð1 − xÞ : ð8Þ

In this LFQM framework, based on the BT construction,
the polarization vectors ϵμh ðh ¼ �1; 0Þ satisfy the trans-

versality condition ϵ · P ¼ 0, where P− ¼ M2
0
þP2⊥
Pþ ensures

the LF energy conservation, i.e., P− ¼ p−
Q þ p−

Q̄, at the

meson-quark vertex. Consequently, the polarization vectors
are expressed in terms of M0 as [41,42]

ϵμ� ¼
�
0;

2

Pþ ϵ⊥ð�Þ · P⊥; ϵ⊥ð�Þ
�
;

ϵμ0 ¼
1

M0

�
Pþ;

P2⊥ −M2
0

Pþ ;P⊥
�
; ð9Þ

where ϵ⊥ð�Þ ¼∓ 1ffiffi
2

p ð1;�iÞ.
Using Dirac helicity spinors [1,41] along with the

polarization vectors above, the explicit matrix forms of
the SO wave functions for the vector meson are given by

R1þ1
λ1λ2

ðx; k⊥Þ ¼ R0

0
@ mþ k2⊥

M0þ2m kðþÞ
⊥

M1

M0þ2m

−kðþÞ
⊥

M2

M0þ2m − ðkðþÞ
⊥ Þ2

M0þ2m

1
A;

R10
λ1λ2

ðx; k⊥Þ ¼
R0ffiffiffi
2

p
0
@ kð−Þ⊥

M2−M1

M0þ2m mþ 2k2⊥
M0þ2m

mþ 2k2⊥
M0þ2m −kðþÞ

⊥
M2−M1

M0þ2m

1
A;

R1−1
λ1λ2

ðx; k⊥Þ ¼ R0

0
@ − ðkð−Þ⊥ Þ2

M0þ2m kð−Þ⊥
M2

M0þ2m

−kð−Þ⊥
M1

M0þ2m mþ k2⊥
M0þ2m

1
A; ð10Þ

where kð�Þ
⊥ ¼ kx � iky, R0 ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ k2⊥

p
, and M ¼

M2 −M1 with M1 ¼ xM0 þm and M2 ¼
ð1 − xÞM0 þm. We note that RJh

λ1λ2
satisfy the orthogon-

ality condition
P

λ1λ2
RJh†

λ1λ2
RJ0h0

λ1λ2
¼ δJJ0δhh0 .

For the radial wave function, we adopt the following
rotationally invariant Gaussian form:

ΦðkÞ ¼ 4π3=4

β3=2
e−k

2=2β2 ; ð11Þ

where k ¼ ðkz; k⊥Þ, and β serves as a variational parameter
in our mass spectroscopic analysis [34–38]. The Gaussian
wave function satisfies the normalization condition

Z
d3k

2ð2πÞ3 jΦðkÞj2 ¼ 1: ð12Þ

To ensure rotational invariance, we express the normali-
zation of ΦðkÞ in terms of Φðx; k⊥Þ by transforming
variables ðkz; k⊥Þ → ðx; k⊥Þ:

Z
1

0

dx
Z

d2k⊥
2ð2πÞ3 jΦðx; k⊥Þj2 ¼ 1: ð13Þ

The wave function Φðx; k⊥Þ includes the Jacobian factor:

Φðx; k⊥Þ ¼
ffiffiffiffiffiffiffi
∂kz
∂x

r
ΦðkÞ; ð14Þ

where kz ¼ 1
2
ð2x − 1ÞM0 and ∂kz

∂x ¼ M0

4xð1−xÞ for the case of

equal quark and antiquark masses.
The total LFWF, given by Eq. (6), satisfies the same

normalization condition as Eq. (13). This follows from the
meson state jMðP; J; hÞi obeying the normalization in
Eq. (5) and the SO wave function being the unitary. In
particular, the inclusion of the Jacobian factor in Φðx; k⊥Þ
ensures the rotational invariance of the model wave
function, yielding self-consistent results that are indepen-
dent of current components and invariant under boosts.
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III. DECAY CONSTANTS

In this section, we begin by reviewing the calculation of
decay constants derived from local matrix elements of the
vector and tensor current operators, using various current
components and polarization vectors [39], as summarized
in Table I. We then provide a detailed analysis of decay
constants obtained from nonlocal matrix elements involv-
ing axial-vector and scalar current operators, which is the
main focus of this work. Particular emphasis is placed on
achieving self-consistency within the model, based on the
BT construction [30–32,39,43].

A. Vector and tensor currents

The decay constants fkρ and f⊥ρ , corresponding to the
longitudinally and transversely polarized ρ meson, are
defined via the local matrix elements of the vector
(Γμ

V ≡ γμ) and tensor (Γμν
T ≡ σμν) current operators [13]

h0jq̄ð0ÞΓμ
Vqð0ÞjρðP; hÞi ¼ fkρPμ

V;

h0jq̄ð0ÞΓμν
T qð0ÞjρðP; hÞi ¼ f⊥ρ Pμν

T ; ð15Þ

where Pμ
V ¼ Mϵμh and P

μν
T ¼ iðϵμhPν − ϵνhP

μÞ. Here,M and
ϵμh denote the mass and polarization vector of the ρ meson.
In the standard LFQM, the decay amplitudes for the

current operators Γ ¼ Γμ
V or Γ ¼ Γμν

T are given by

h0jq̄ΓqjρðP; hÞi ¼
ffiffiffiffiffiffi
Nc

p Z
1

0

dx
Z

d2k⊥
16π3

Φðx; k⊥Þ

×
X
λ1;λ2

R1h
λ1λ2

�
v̄λ2ðp2Þffiffiffiffiffi

x2
p Γ

uλ1ðp1Þffiffiffiffiffi
x1

p
�
; ð16Þ

where the color factor Nc ¼ 3 arises from the implicit color
structure of the wave function [40,42].

In the LFQM analysis [39], formulated within the BT
construction ðM → M0Þ, we explicitly demonstrated that

fkρ and f⊥ρ can be obtained in a way that is independent of
current components, polarization vectors, and reference
frames, by computing

fkρ ¼ h0j q̄γ
μq

Pμ
V

jPiBT;

f⊥ρ ¼ h0j q̄σ
μνq

Pμν
T

jPiBT: ð17Þ

Here, the physical mass M included in Lorentz factors Pμ
V

and Pμν
T is replaced with the invariant mass M0, and the

Lorentz factors are evaluated within the integral over
internal momenta.

The decay constants fkð⊥Þ
ρ , defined in Eq. (17), can be

expressed in a generic integral form as

fkð⊥Þ
ρ ¼

ffiffiffiffiffiffi
Nc

p Z
1

0

dx
Z

d2k⊥
16π3

Φðx; k⊥Þ

×
1

PVðTÞ

X
λ1;λ2

R1h
λ1λ2

�
v̄λ2ðp2Þffiffiffiffiffi

x2
p ΓVðTÞ

uλ1ðp1Þffiffiffiffiffi
x1

p
�
: ð18Þ

For simplicity, we omit the explicit Lorentz indices of
ðPμ

V;Γ
μ
VÞ and ðPμν

T ;Γμν
V Þ, although they are implicitly

carried through the calculations for various current com-
ponents and polarization vectors.

While the explicit forms of fkð⊥Þ
ρ for all current compo-

nents and polarization vectors were provided in Ref. [39],
we summarize the final compact expressions here for
completeness:

fkð⊥Þ
ρ ¼

ffiffiffiffiffiffi
Nc

p Z
1

0

dx
Z

d2k⊥
16π3

Φðx; k⊥ÞOVðTÞ; ð19Þ

where the operators OVðTÞ are defined as

OVðTÞ ¼
1

PVðTÞ

X
λ1;λ2

R1h
λ1λ2

�
v̄λ2ðp2Þffiffiffiffiffi

x2
p ΓVðTÞ

uλ1ðp1Þffiffiffiffiffi
x1

p
�
: ð20Þ

These operators are derived using the Dirac helicity spinors
[1,41] and the SO wave functions defined in Eq. (10).

The complete results for fkð⊥Þ
ρ with all current compo-

nents and polarization vectors are summarized in Table I.

Notably, the expressions for fkρ obtained from ϵ0 with any
current γμ are identical in functional form. Although the
results derived using ϵþ with ðγ⊥; γ−Þ differ in form from
those with ϵ0, they yield the same numerical values. This
demonstrates the current-component independence of our
formalism, with a similar pattern observed for f⊥ρ . This
independence is achieved through the incorporation of
the Lorentz structures PVðTÞ inside the integral and the

TABLE I. Operators OVðTÞ from Eq. (20) for all possible
components of the currents Γμ

VðΓμν
T Þ and the polarization

vectors ϵh [39].

ΓV ¼ γμ ϵh Oμ
VðhÞ

fkρ γþ; γ⊥ ϵ0
ffiffiffi
2

p
R0

�
2mþ 4k2⊥

M0þ2m

�
γ− ϵ0

ffiffiffi
2

p
R0

�
2mþ 4k2⊥

M0þ2m

�
γ⊥; γ− ϵþ

ffiffiffi
2

p
R0

�
M0 −

2k2⊥
M0þ2m

�
ΓT ¼ σμν ϵh Oμν

T ðhÞ
f⊥ρ σ⊥þ; σþ− ϵþ

ffiffiffi
2

p
R0

�
2mþ 2k2⊥

M0þ2m

�
σ⊥− ϵþ

ffiffiffi
2

p
R0

�
2mþ 2k2⊥

M0þ2m

�
σþ−; σ⊥− ϵ0

ffiffiffi
2

p
R0

�
M0 −

4k2⊥
M0þ2m

�
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consistent replacement of M with M0. These features
ensure that the decay constants are independent of current
components and polarization vectors, maintain boost
invariance, and remain self-consistent within the model
framework—a key hallmark of our LFQM based on the BT
construction [30–32,39,43].

B. Axial-vector and scalar currents

The main focus of this work is the calculation of nonlocal
matrix elements of the axial-vector (Γμ

A ¼ γμγ5) and scalar
(ΓS ¼ 1) current operators, further extending our LFQM
framework based on the BT construction [30–32,39,43].
The decay constants of the ρ meson can be extracted

from these nonlocal matrix elements, defined in
Ref. [13], as

Aμ
A ¼ h0jq̄ðzÞγμγ5½z;−z�qð−zÞjρðP; hÞi

¼ fAρP
μ
A

Z
1

0

dxeiζP·zψ⊥
3;AðxÞ;

AS ¼ h0jq̄ðzÞ1½z;−z�qð−zÞjρðP; hÞi

¼ −ifSρPS

Z
1

0

dxeiζP·zψk
3;SðxÞ; ð21Þ

where Pμ
A ¼ 1

2
Mϵμναβϵ

ν
hP

αzβ, PS ¼ M2ðϵh · zÞ, and
ζ ¼ 2x − 1. The constants fAρ and fSρ are the decay
constants associated with the axial-vector and scalar
currents, respectively. The two-particle twist-3 DAs,

ψ⊥
3;AðxÞ and ψk

3;SðxÞ, satisfy the normalization condition

Z
1

0

dxψ⊥ðkÞ
3;AðSÞðxÞ ¼ 1: ð22Þ

The path-ordered gauge factor ½z;−z�, ensuring gauge
invariance, is set to unity in the LF gauge (Aþ ¼ 0)
throughout this work. Since fAρ and fSρ are defined through
these nonlocal matrix elements, their extraction requires
working in the nonlocal LF limit, with zþ ¼ z⊥ ¼ 0. Thus,

determining ψ⊥
3;AðxÞ and ψk

3;SðxÞ is essential to obtain these
decay constants.

We first present the calculation of ψk
3;SðxÞ and fSρ by

integrating both sides of Eq. (21) with respect to z−, using
the dummy variable x0 (and ζ0 ¼ 2x0 − 1), as follows:

Z
∞

−∞

dz−

2π
e−iζ

0P·zh0jq̄ðzÞqð−zÞjρðP; hÞi

¼ CS

Z
1

0

dx
Z

∞

−∞

dz−

2π
z−e−iðx0−xÞPþz−ψk

3;SðxÞ; ð23Þ

where CS ¼ − i
2
fSρM2ϵþh . It is important to note that only

the longitudinal (h ¼ 0) polarization vector contributes to
the extraction of fSρ .

The integration of the right-hand side (RHS) of Eq. (23)
over z− is given by [60]Z

∞

−∞

dz−

2π
z−e−iðx0−xÞPþz−ψk

3;SðxÞ

¼ i
ðPþÞ2

∂

∂x0
h
δðx − x0Þψk

3;SðxÞ
i
: ð24Þ

This leads to the final expression for the right-hand side
(RHS) of Eq. (23):

CS

Z
1

0

dx
Z

∞

−∞

dz−

2π
z−e−iðx0−xÞPþz−ψk

3;SðxÞ

¼ fSρM2εþ0
2ðPþÞ2

∂ψk
3;Sðx0Þ
∂x0

: ð25Þ

The left-hand side (LHS) of Eq. (23) can be expressed in
our LFQM asZ

∞

−∞

dz−

2π
e−iζ

0P·zh0jq̄ðzÞqð−zÞjρðP; hÞi

¼
ffiffiffiffiffiffi
Nc

p Z
1

0

dx
Z

d2k⊥
16π3

Z
∞

−∞

dz−

2π
e−iζ

0P·ze−iðp2−p1Þ·z

×
X
λ1;λ2

Ψ10
λ1λ2

ðx; k⊥Þ
�
v̄λ2ðp2Þffiffiffiffiffi

x2
p uλ1ðp1Þffiffiffiffiffi

x1
p

�
; ð26Þ

where Ψ10
λ1λ2

ðx; k⊥Þ is the LFWF defined in Eq. (6). Since

e−iζ
0P·ze−iðp2−p1Þ·z ¼ e−iðx0−xÞPþz− , the z− integration yields

δ½ðx0 − xÞPþ�. Substituting this result, the LHS of Eq. (23)
becomes Z

∞

−∞

dz−

2π
e−iζ

0P·zh0jq̄ðzÞqð−zÞjρðP; hÞi

¼
ffiffiffiffiffiffi
Nc

p
Pþ

Z
d2k⊥
16π3

X
λ1;λ2

Ψ10
λ1λ2

ðx0; k⊥Þ

×
�
v̄λ2ðp0

2Þffiffiffiffiffi
x02

p uλ1ðp0
1Þffiffiffiffiffi

x01
p �

; ð27Þ

where the prime ( 0) in Ψ10
λ1λ2

ðx0; k⊥Þ and in p0
i indicates that

the longitudinal momentum fractions inside the integral
are expressed in terms of x0, specifically, x01 ¼ x0 and
x02 ¼ 1 − x0.
By integrating both Eqs. (25) and (27) over x0, we obtain

ψk
3;SðxÞ ¼

ffiffiffiffiffiffi
Nc

p
fSρ

Z
x

0

dx0
Z

d2k⊥
16π3

Φðx0; k⊥Þ

×
2Pþ

M2ϵþ0

X
λ1;λ2

R010
λ1λ2

�
v̄λ2ðp0

2Þffiffiffiffiffi
x02

p uλ1ðp0
1Þffiffiffiffiffi

x01
p �

: ð28Þ

By integrating both sides over x and applying the nor-
malization condition given in Eq. (22), the decay constant
fSρ is given by
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fSρ ¼
ffiffiffiffiffiffi
Nc

p Z
1

0

dx
Z

x

0

dx0
Z

d2k⊥
16π3

Φðx0; k⊥Þ

×
2Pþ

M2ϵþ0

X
λ1;λ2

R010
λ1λ2

�
v̄λ2ðp0

2Þffiffiffiffiffi
x02

p uλ1ðp0
1Þffiffiffiffiffi

x01
p �

: ð29Þ

In our LFQM based on the BT construction, we replace
the physical mass M with the invariant mass M0 in the
integrand, i.e., Pþ

M2ϵþ
0

→ 1
M0
, to obtain fSρ . This yields the final

expression:

fSρ ¼
ffiffiffiffiffiffi
Nc

p Z
1

0

dx
Z

x

0

dx0
Z

d2k⊥
16π3

Φðx0; k⊥ÞO0
S; ð30Þ

where

O0
S ¼ 2

ffiffiffi
2

p
R0ð1 − 2x0ÞM0

0: ð31Þ

The resulting numerical value of fSρ is then substituted back
into Eq. (28), applying the same replacement to deter-

mine ψk
3;SðxÞ.

Now, for the computation of ψ⊥
3;AðxÞ and fAρ in

Eq. (21), the only nonvanishing Lorentz factor is Pμ
A ¼

1
2
Mϵμνα−ϵν�p

αz−. This implies that only the transverse
(h ¼ �) polarization vectors contribute. Furthermore,
in the P⊥ ¼ 0 frame, only P⊥

A remains nonzero.
For instance,1 for μ ¼ x, ϵxyþ−ϵ

y
þpþz− ¼ −iPþz−

2
ffiffi
2

p and for

μ ¼ y, ϵyxþ−ϵ
xþpþz− ¼ Pþz−

2
ffiffi
2

p . The resulting expressions for

ψ⊥
3;AðxÞ and fAρ are independent of the choice of polariza-

tion vector ðh ¼ �Þ and current component (μ ¼ x, y).
Following the same procedure used for the scalar current

and choosing the combination ðh ¼ þ; μ ¼ xÞ, we obtain
the analogs of Eqs. (28) and (29) for ψ⊥

3;AðxÞ and fAρ :

ψ⊥
3;AðxÞ ¼

ffiffiffiffiffiffi
Nc

p
fAρ

Z
x

0

dx0
Z

d2k⊥
16π3

Φðx0; k⊥Þ

×
4

ffiffiffi
2

p

M

X
λ1;λ2

R011
λ1λ2

�
v̄λ2ðp0

2Þffiffiffiffiffi
x02

p γxγ5
uλ1ðp0

1Þffiffiffiffiffi
x01

p �
; ð32Þ

and

fAρ ¼
ffiffiffiffiffiffi
Nc

p Z
1

0

dx
Z

x

0

dx0
Z

d2k⊥
16π3

Φðx0; k⊥Þ

×
4

ffiffiffi
2

p

M

X
λ1;λ2

R011
λ1λ2

�
v̄λ2ðp0

2Þffiffiffiffiffi
x02

p γxγ5
uλ1ðp0

1Þffiffiffiffiffi
x01

p �
: ð33Þ

Finally, following the same approach used for fSρ, we obtain

fAρ ¼
ffiffiffiffiffiffi
Nc

p Z
1

0

dx
Z

x

0

dx0
Z

d2k⊥
16π3

Φðx0; k⊥ÞO0
A; ð34Þ

where O0
A ¼ 2O0

S, demonstrating that fAρ ¼ 2fSρ in our
model calculation.
Using the QCD equation of motion, it was shown in

Ref. [13] that the decay constants fAρ and fSρ can be

expressed as linear combinations of fkρ and f⊥ρ :

fAρ ¼ fkρ − αf⊥ρ ;

fSρ ¼ f⊥ρ − αfkρ; ð35Þ
where α ¼ 2m=M accounts for quark mass corrections.
Here, the quark massm is understood as a constituent quark
mass that effectively encodes nonperturbative dynamics
such as chiral symmetry breaking and confinement at the
hadronic scale. It does not correspond to the QCD scale-
dependent running mass. In QCD, the relation α ¼ 2m=M,
where M is derived from the equation-of-motion relations
among light-cone DAs. However, in our BT-based LFQM,
the meson is described as a composite qq̄ system charac-
terized by an internal invariant massM0, which differs from
the physical mass M. To ensure that Eq. (35) is satisfied
self-consistently within our model, we should take M as
M0, yielding α ¼ 2m=M0. This assignment is not arbitrary
but essential for obtaining decay constants and DAs that are
independent of the choice of current component or polari-
zation state. In contrast, employing a fixed value of α ¼
2m=M in our model would lead to inconsistencies across
different current components. Thus, our consistent treat-
ment of M in the entire computation ensures internal
consistency and effectively implements the QCD equa-
tion-of-motion constraint within the LF framework.
To verify this consistency explicitly, we demonstrate that

Eq. (35) also holds within our LFQM framework. To
maintain consistency with the BT construction, the physical
mass M in α must be replaced by the invariant mass M0,
and this replacement must be applied within the integrals.
Thus, Eq. (35) becomes, in our LFQM:

fAρ ¼ h0j q̄γ
μq

Pμ
V

jPiBT − h0jα q̄σ
μνq

Pμν
T

jPiBT;

fSρ ¼ h0j q̄σ
μνq

Pμν
T

jPiBT − h0jα q̄γ
μq

Pμ
V

jPiBT: ð36Þ

We define

f̃⊥ρ ≡ h0jα q̄σ
μνq

Pμν
T

jPiBT

¼
ffiffiffiffiffiffi
Nc

p Z
1

0

dx
Z

d2k⊥
16π3

Φðx; k⊥Þ

×
2m
M0

1

Pμν
T

X
λ1;λ2

R11
λ1λ2

�
v̄λ2ðp2Þffiffiffiffiffi

x2
p σμν

uλ1ðp1Þffiffiffiffiffi
x1

p
�

ð37Þ1In this work, we adopt the convention ϵþ−xy ¼ 2 and use LF
metric components gþ− ¼ g−þ ¼ 2.
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and

f̃kρ ≡ h0jα q̄γ
μq

Pμ
V

jPiBT

¼
ffiffiffiffiffiffi
Nc

p Z
1

0

dx
Z

d2k⊥
16π3

Φðx; k⊥Þ

×
2m
M0

1

Pμ
V

X
λ1;λ2

R1h
λ1λ2

�
v̄λ2ðp2Þffiffiffiffiffi

x2
p γμ

uλ1ðp1Þffiffiffiffiffi
x1

p
�
: ð38Þ

Note that the factor α ¼ 2m=M is consistently replaced by
2m=M0 within the integrals. It is important to emphasize

that both f̃⊥ρ and f̃kρ are independent of current components
and polarization vectors within our LFQM, validating the
self-consistency of our approach.

The final expressions for f̃kρ and f̃⊥ρ are given by

f̃kð⊥Þ
ρ ¼

ffiffiffiffiffiffi
Nc

p Z
1

0

dx
Z

d2k⊥
16π3

Φðx; k⊥ÞÕVðTÞ; ð39Þ

where ÕVðTÞ ¼ 2m
M0

OVðTÞ. We note that, in our LFQM, the
scale dependence of the decay constants can be approx-
imately incorporated by introducing an ultraviolet cutoff on
the transverse momentum:

R
d2k⊥ →

R jk⊥j<μ d2k⊥. For the
nonperturbative Gaussian wave function Φðx; k⊥Þ given in
Eq. (14), we adopt μ0 ≃ 1 GeV as the optimal initial scale
in our LFQM.
In our numerical analysis of the ρ meson, we use the

model parameters ðm; βÞ ¼ ð0.25; 0.3194Þ GeV, deter-
mined from meson spectrum calculations using a HO
confining potential and variational analysis within our
standard LFQM framework [29,34,35].

The computed ρ meson decay constants (fkρ, f⊥ρ , fAρ , fSρ)
and f̃kð⊥Þ

ρ are summarized in Table II. The values of fkρ
and f⊥ρ have already been analyzed in Refs. [29,30,39].

Our prediction, fkρ ¼ 215 MeV, is in excellent agreement

with the experimental value of fkðExptÞρ ¼ 216ð5Þ MeV,
extracted from ρ0 → eþe− [65].
As the main focus of this work, we compute fAρ and fSρ .

These decay constants are related to fkρ and f⊥ρ via Eq. (35),

which follows from the QCD equation of motion [13],

and are expressed in our LFQM as fAρ ¼ fkρ − f̃⊥ρ and

fSρ ¼ f⊥ρ − f̃kρ, respectively, as shown in Eq. (36). These
relations are numerically verified in Table II. Furthermore,
our model satisfies the SU(6) symmetry relation [66],

fπ þ fkρ ¼ 2f⊥ρ , as demonstrated in Refs. [29,60]. In the

chiral limit (i.e.,m → 0), we also confirm that fAρ ¼ fkρ and

fSρ ¼ f⊥ρ . In this limit, the relation fkρ ¼ 2f⊥ρ is obtained
within our model.

IV. DISTRIBUTION AMPLITUDES

In this section, we derive the chiral-even DAs from
the nonlocal matrix elements of the current operators
ðγμ; γμγ5Þ, and the chiral-odd DAs from those of ðσμν; 1Þ.
The twist classification of these DAs depends on the choice
of current components and polarization vectors, as outlined
in Ref. [13]. Table III summarizes all possible combina-
tions of current components and polarization vectors that
yield nonvanishing matrix elements.

For example, the chiral-even twist-2 DA, ϕk
2;VðxÞ, can be

obtained from the γþ or γ⊥ components of the vector
current, combined with longitudinal polarization ϵ0. In
contrast, using the minus component γ− with ϵ0 leads to the

twist-4 DA ϕk
4;V. Transverse polarizations ϵ�, combined

with γ− or γ⊥, yield the twist-3 DA ϕ⊥
3;V. All DAs satisfy the

normalization condition given in Eq. (22). In the following,
we present a detailed analysis of both chiral-even and
chiral-odd DAs.

A. Chiral-even DA

The chiral-even DAs of a vector meson, associated with
the vector current up to twist-4 accuracy, are given by [16]

TABLE II. Predicted decay constants (in MeV) of the ρ meson
obtained from various current operators in our LFQM.

ρð1SÞ fkρ f̃⊥ρ fAρ f⊥ρ f̃kρ fSρ

m ≠ 0 215 93 122 173 112 61
m → 0 190 0 190 95 0 95

Expt. [65] 208a, 216(5)b � � � � � � � � � � � � � � �
aExperimental value for Γðτ → ρντÞ.
bExperimental value for ρ0 → eþe−.

TABLE III. Twist classification of DAs based on the choice of
the chirality, current, component, and polarization for vector
mesons.

Chirality Γ ϵh Twist DAs

Even γþ; γ⊥ ϵ0 2 ϕk
2;V

γ− ϵ0 4 ϕk
4;V

γ⊥; γ− ϵ� 3 ϕ⊥
3;V

γ⊥γ5 ϵ� 3 ψ⊥
3;A

Odd σ⊥þ; σþ− ϵ� 2 ϕ⊥
2;T

σ⊥− ϵ� 4 ϕ⊥
4;T

σþ−; σ⊥− ϵ0 3 ϕk
3;T

1 ϵ0 3 ψk
3;S
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Aμ
VðhÞ ¼ h0jq̄ðzÞγμqð−zÞjρðP; hÞi

¼ fkρM
Z

1

0

dxe−iζP·z

×

�
Pμ ϵh · z

P · z

�
ϕk
2;VðxÞ þ z2ð� � �Þ

�

þ
�
ϵμh − Pμ ϵh · z

P · z

�
ϕ⊥
3;VðxÞ −

zμM2ϵh · z
2ðP · zÞ2

×
�
ϕk
4;VðxÞ þ ϕk

2;VðxÞ − 2ϕ⊥
3;VðxÞ

��
; ð40Þ

where the term proportional to z2 vanishes under the equal
LF time condition, i.e., for a lightlike separation zμ with
z2 ¼ z−zþ − z2⊥ ¼ 0, which is realized by setting zþ ¼ 0

and z⊥ ¼ 0. Then, Eq. (40) reduces to

Aμ
VðhÞ ¼ fkρM

Z
1

0

dxe−iζP·z
�
Pμ ϵ

þ
h

Pþ ϕk
2;VðxÞ

þ
�
ϵμh − Pμ ϵ

þ
h

Pþ

�
ϕ⊥
3;VðxÞ −

zμ

z−
M2ϵþh
PþPþ

×
�
ϕk
4;VðxÞ þ ϕk

2;VðxÞ − 2ϕ⊥
3;VðxÞ

��
: ð41Þ

As summarized in Table III, the twist-2 DA ϕk
2;VðxÞ can

be extracted from either the μ ¼ þ or μ ¼ ⊥ component of
the vector current with longitudinal polarization (h ¼ 0):

Aþð⊥Þ
V ð0Þ ¼ fkρMϵþð⊥Þ

0

Z
1

0

dxe−iζP·zϕk
2;VðxÞ: ð42Þ

The twist-3 DA ϕ⊥
3;VðxÞ can be isolated from either the

μ ¼ ⊥ or μ ¼ − component with transverse polarization
ðh ¼ �1Þ:

A⊥ð−Þ
V ð�1Þ ¼ fkρMϵ⊥ð−Þ

�

Z
1

0

dxe−iζP·zϕ⊥
3;VðxÞ: ð43Þ

Similarly, the twist-4 DA ϕk
4;VðxÞ can be extracted from the

μ ¼ − component with longitudinal polarization (h ¼ 0) in
the P⊥ ¼ 0 frame:

A−
Vð0Þ ¼ fkρMϵ−0

Z
1

0

dxe−iζP·zϕk
4;VðxÞ: ð44Þ

The explicit forms of the three chiral-even DAs,

ϕV ¼ fϕk
2;V;ϕ

⊥
3;V;ϕ

k
4;Vg, derived from the vector current,

are given by

ϕVðxÞ ¼
ffiffiffiffiffiffi
Nc

p

fkρ

Z
d2k⊥
16π3

Φðx; k⊥ÞOV; ð45Þ

where the corresponding operators OV, defined for each
DA, are

OV ¼
n
Oþð⊥Þ

V ð0Þ;O⊥ð−Þ
V ð�1Þ;O−

Vð0Þ
o
: ð46Þ

Their explicit forms are listed in Table I. Notably, as shown
in Table I, for the ρ meson, the three operators Oþ

Vð0Þ,
O⊥

Vð0Þ, and O−
Vð0Þ coincide. As a result, the twist-2 DA

ϕk
2;V and the twist-4 DA ϕk

4;V are identical in our model.
Finally, the chiral-even twist-3 DA ψ⊥

3;AðxÞ, derived from
the nonlocal axial-vector matrix element in Eq. (21), is
expressed in Eq. (32) within our LFQM. Applying the BT
construction (i.e., M → M0) yields the final form:

ψ⊥
3;AðxÞ ¼

ffiffiffiffiffiffi
Nc

p
fAρ

Z
x

0

dx0
Z

d2k⊥
16π3

Φðx0; k⊥ÞO0
A; ð47Þ

where O0
A ¼ 2O0

S [see Eq. (31)].

B. Chiral-odd DA

The chiral-odd DAs of a vector meson, associated with
the tensor current up to twist-4 accuracy, are given by [16]

Aμν
T ðhÞ ¼ h0jq̄ðzÞσμνqð−zÞjρðP; hÞi

¼ if⊥ρ
Z

1

0

dxe−iζP·z
	
ðϵμhPν − ϵνhP

μÞ

× ½ϕ⊥
2;TðxÞ þ z2ð� � �Þ� þ ðPμzν − PνzμÞ

×
ðϵh · zÞM2

ðP · zÞ2
�
ϕk
3;TðxÞ −

1

2
ϕ⊥
2;TðxÞ −

1

2
ϕ⊥
4;TðxÞ

�

þ ðϵμhzν − ϵνhz
μÞM2

P · z



ϕ⊥
4;TðxÞ − ϕ⊥

2;TðxÞ
��

: ð48Þ

As in Eq. (40), the term proportional to z2 vanishes under
the equal LF time condition, i.e., when zþ ¼ z⊥ ¼ 0. This
simplifies the expression to

Aμν
T ðhÞ ¼ if⊥ρ

Z
1

0

dxe−iζP·z
	


ϵμhP
ν − ϵνhP

μ
�
ϕ⊥
2;TðxÞ

þ 2M2ϵþh ðPμzν − PνzμÞ
z−PþPþ

×

�
ϕk
3;TðxÞ −

1

2
ϕ⊥
2;TðxÞ −

1

2
ϕ⊥
4;TðxÞ

�

þ 2M2ðϵμhzν − ϵνhz
μÞ

Pþz−


ϕ⊥
4;TðxÞ − ϕ⊥

2;TðxÞ
��

: ð49Þ

As summarized in Table III, the twist-2 DA ϕ⊥
2;TðxÞ can be

isolated by choosing μν ¼ ⊥þ or þ− with transverse
polarization (h ¼ �1), resulting in
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A⊥þ
T ð�1Þ ¼ if⊥ρ ϵ⊥�Pþ

Z
1

0

dxe−iζP·zϕ⊥
2;TðxÞ: ð50Þ

Similarly, the twist-3 DA ϕ⊥
3;TðxÞ can be extracted by taking

μν ¼ þ− or ⊥− with longitudinal polarization (h ¼ 0),
yielding

Aþ−
T ð0Þ ¼ if⊥ρ ϵþ0

2M2

Pþ

Z
1

0

dxe−iζP·zϕ⊥
3;TðxÞ: ð51Þ

The twist-4 DA ϕ⊥
4;TðxÞ is obtained by choosing μν ¼ ⊥−

with transverse polarization (h ¼ �1), leading to

A⊥−
T ð�1Þ ¼ if⊥ρ ϵ⊥�

2M2

Pþ

Z
1

0

dxe−iζP·zϕ⊥
4;TðxÞ: ð52Þ

The three chiral-odd DAs, ϕT ¼ fϕ⊥
2;T;ϕ

k
3;T;ϕ

⊥
4;Tg, derived

from the tensor current, can be expressed as

ϕTðxÞ ¼
ffiffiffiffiffiffi
Nc

p
f⊥ρ

Z
d2k⊥
16π3

Φðx; k⊥ÞOT; ð53Þ

where the corresponding operators OT, defined for each
DA, are

OT ¼ �
O⊥þ

T ð�1Þ;Oþ−
T ð0Þ;O⊥−

T ð�1Þ�: ð54Þ

The explicit forms of these operators are provided in
Table I. Similar to the chrial-even case, the two operators
O⊥þ

T ð�1Þ and O⊥−
T ð�1Þ coincide. As a result, the twist-2

DA ϕ⊥
2;T and the twist-4 DA ϕ⊥

4;T are identical in our model.

Finally, the chiral-odd twist-3 DA ψk
3;SðxÞ, derived from

the nonlocal scalar matrix element in Eq. (21), is expressed
in Eq. (28) within our LFQM. Applying the BT construc-
tion (i.e. M → M0) yields the final form:

ψk
3;SðxÞ ¼

ffiffiffiffiffiffi
Nc

p
fSρ

Z
x

0

dx0
Z

d2k⊥
2ð2πÞ3 Φðx0; k⊥ÞO0

S: ð55Þ

C. Numerical results

Parts of results for the chiral-even twist-2 and twist-3
DAs of the ρmeson were previously presented in Ref. [30].
In this study, we complete the analysis by including DAs up
to twist-4 for both chiral-even and chiral-odd sectors.
Figure 1 shows the chiral-even twist-2 and twist-4 DAs

(ϕk
2;V;ϕ

k
4;V) (upper panel) and the chiral-odd twist-2 and

twist-4 DAs (ϕ⊥
2;T;ϕ

⊥
4;T) (lower panel) for the ρ meson. The

twist-2 results are also compared with other model calcu-
lations [14,67,68].
We note that, in our LFQM, the twist-2 and twist-4

DAs coincide and follow the asymptotic form ϕasmðxÞ ¼
6xð1 − xÞ in the case of equal quark masses. However,

the agreement in this case is fortuitous as the twist-2 and
twist-4 DAs indeed differ for mesons with unequal quark
masses, reflecting the sensitivity of higher-twist structures
to mass asymmetry even within the valence qq̄ framework.
For the twist-2 DA, the single-humped structure we obtain
is consistent with—but slightly narrower than—that from
the DSE approach [67] and the HERA fit [68], while it
differs significantly from the double-humped structure
predicted by QCD SRs [14]. Our DA is more sharply
peaked around x ¼ 1=2 and more strongly suppressed near
the end points x ¼ 0 and x ¼ 1, which may be attributed to
the use of a Gaussian radial wave function in our model that
naturally favors the central momentum region.
Figure 2 presents the twist-3 DAs of the ρ meson. Our

results are also compared with those obtained from QCD
SRs [14]. The chiral-even components (upper panel),

ϕk
3;VðxÞ and ψ⊥

3;AðxÞ, exhibit distinct shapes: ϕk
3;VðxÞ shows

a broad double-humped profile, while ψ⊥
3;AðxÞ displays a

narrow, single-peaked distribution centered at x ¼ 1=2.
Compared to the QCD sum rule predictions [14], our

ψ⊥
3;AðxÞ is notably more localized, and ϕk

3;VðxÞ differs
substantially, lacking the end-point enhancement and
double-minimum structure seen in [14]. Interestingly, the

shape of our ϕk
3;VðxÞmore closely resembles that of ψ⊥

3;AðxÞ

FIG. 1. Chiral-even (upper panel) and chiral-odd (lower panel)
twist-2 and twist-4 DAs of the ρ meson from our LFQM,
compared with twist-2 DAs from other models, including
QCD SRs [14], DSE approach [67], and HERA-fit [68].
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from QCD SRs, though their asymptotic behaviors remain
distinct (see Fig. 3).
The chiral-odd twist-3 DAs (lower panel), ϕ⊥

3;TðxÞ and

ψk
3;SðxÞ, follow similar patterns: ϕ⊥

3;TðxÞ shows a more
pronounced double-humped structure with deeper suppres-

sion at the center, while ψk
3;SðxÞ has a single central peak,

akin to ψ⊥
3;AðxÞ. These results again contrast with the QCD

SRs [14], highlighting the model dependence of twist-
3 DAs.
In Fig. 3, we present the chiral-even (upper panel) and

chiral-odd (lower panel) DAs of the ρ meson up to twist-4
in the chiral limit (m → 0). It is evident that our chiral-limit

predictions for the chiral-even DAs [ϕk
2;VðxÞ, ϕk

4;VðxÞ,
and ψ⊥

3;AðxÞ] coincide and match the asymptotic form
6xð1 − xÞ. The same holds for the chiral-odd DAs

[ϕ⊥
2;TðxÞ, ϕ⊥

4;TðxÞ, and ψk
3;SðxÞ] which also coincide and

match the asymptotic shape 6xð1 − xÞ. In contrast, the

twist-3 DAs ϕk
3;VðxÞ and ϕ⊥

3;TðxÞ exhibit characteristic
convex shapes in the chiral limit, consistent with the corres-
ponding asymptotic predictions from QCD SRs [13].
Specifically, ϕ⊥

3;TðxÞ matches the asymptotic form 3ξ2,
where ξ ¼ 2x − 1, attaining a value of 3 at the end points

(x ¼ 0, 1) and vanishing at x ¼ 1=2, while ϕk
3;VðxÞ follows

the asymptotic form 3
4
ð1þ ξ2Þ, reaching 3=2 at the end

points and 3=4 at x ¼ 1=2. These results demonstrate that
our LFQM predictions for twist-3 DAs in the chiral limit
accurately reproduce the expected asymptotic behavior.
As seen in Fig. 3, the leading- and higher-twist DAs in

the chiral limit (m → 0) approach two types of asymptotic
forms—namely, 6xð1 − xÞ and 3

4
ð1þ ξ2Þ—depending on

the twist order. In contrast, in the opposite limit of the
heavy-quark regime (m → ∞), all DAs converge to a
common form proportional to δðx − 1=2Þ, independent
of twist. This behavior arises from the fact that the
LFWF in the heavy-quark limit becomes

ϕðx; k⊥Þ ∝ δ

�
x −

1

2

�
e
−

k2⊥
2β2 ; ð56Þ

indicating a sharp localization of the longitudinal momen-
tum fraction at x ¼ 1=2. As a result, the twist-2, -3, and -4
DAs all collapse into a single delta-function-like profile
centered at x ¼ 1=2, reflecting the suppression of relativ-
istic effects in the heavy-quark limit and the nonrelativistic
reduction of the internal meson dynamics. Such universal

FIG. 2. Chiral-even (upper panel) and chiral-odd (lower panel)
twist-3 DAs of the ρ meson from our LFQM, compared with
those from QCD SRs [14].

FIG. 3. Chiral-even (upper panel) and chiral-odd (lower panel)
DAs of the ρ meson in the chiral limit (m → 0), calculated in our

LFQM. The twist-2 and twist-4, ψ⊥
3;AðxÞ, along with ψk

3;SðxÞ DAs
match the asymptotic form 6xð1 − xÞ. The twist-3 DAs, ϕk

3;VðxÞ
and ϕ⊥

3;TðxÞ, match the asymptotic forms 3
4
ð1þ ξ2Þ and 3ξ2,

respectively, as predicted by QCD SRs [14].
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behavior provides a useful theoretical benchmark and
differs clearly from the richer structures observed in the
chiral and intermediate mass regimes. Further analysis of
heavy quarkonia DAs in connection with the nonrelativistic
limit can be found in Ref. [69].
To facilitate comparison, we compute the ξ-moments up

to order n ¼ 6, defined as

hξni ¼
Z

1

0

dxξnϕðxÞ; ð57Þ

where ϕðxÞ represents the DA of the ρ meson. These DAs
can also be expanded in terms of Gegenbauer polynomials
C3=2
n as

ϕðx; μÞ ¼ 6xð1 − xÞ
"
1þ

X∞
n¼1

anðμÞC3=2
n ðξÞ

#
; ð58Þ

where the coefficients anðμÞ are known as Gegenbauer
moments. The ξ-moments and Gegenbauer moments are
related through specific integral relations [31].
Table IV presents the calculated ξ-moments and the

corresponding Gegenbauer moments anðμÞ at the scale
μ ¼ 1 GeV, along with results from other theoretical
approaches for comparison. Our results for the leading-
twist DAs show good agreement with those from the light-
front holographic (LFH) model [70], QCD SRs [71], and
DSE approach [67], but differ from the lattice QCD
results [72,73].

Of special interest, using the soft pion theorem, crossing
symmetry, and dispersion relations for the two-pion dis-
tribution amplitude (2πDA), the authors in Ref. [78] argued
that the second Gegenbauer moment for the leading-

twist chiral-even DA ϕk
2;V is most likely negative. Their

phenomenological analysis predicts the ratio aρ2=a
π
2 ¼

ð−1.15� 0.86Þð1.0� 0.1Þ∈ ½−2.211;−0.261�. Our model
prediction yields aρ2 ¼ −0.020 and aπ2 ¼ 0.050 [29], result-
ing in aρ2=a

π
2 ¼ −0.400, thereby satisfying this constraint.

While some other models predict a positive sign for a2, this
discrepancy may stem from the proximity of the DA to its
asymptotic form and the strong sensitivity to the choice of
model LFWFs. Finally, we note that although leading-twist
DAs have been extensively studied, reliable predictions for
higher-twist DAs remain limited.

V. CONCLUSION

In this study, we have presented a comprehensive
analysis of the ρ meson decay constants and chiral-even
and chiral-odd DAs up to twist 4, within the framework of
the standard LFQM based on the BT construction [58,59].
The BT construction provides a consistent framework by
incorporating interactions into the Casimir mass operator,
ensuring compliance with the Poincaré group symmetry,
and allowing the description of mesons as bound states of
noninteracting quarks and antiquarks.
We note that, within the BT construction adopted in our

LFQM, the total LF momentum operator is designed to
satisfy the Poincaré algebra, ensuring Lorentz symmetry at
the level of the wave function. Consequently, quantities

TABLE IV. The ξ and Gegenbaur moments up to n ¼ 6 for chiral-even and -odd DAs of the ρmeson up to twist 4 compared with other
model calculations. The odd moments are vanishing because of the equal mass of the constituent quark.

DA hξ2i hξ4i hξ6i a2 a4 a6

ϕk
2;V

Ours 0.193 0.078 0.040 Ours −0.020 −0.030 −0.017
HERA-fit [68] 0.227 0.105 0.062 QCD SRs [13] 0.18(10) � � � � � �
QCD SRs [71] 0.220(6) 0.103(4) 0.0656(50) QCD SRs [74] 0.047(58) −0.057ð118Þ � � �

DSE [67] 0.23 0.11 0.066 QCD SRs [75] 0.09þ0.10
−0.07 0.03(2) � � �

LFH [70] 0.20 0.087 0.048 LFQM [76] −0.03 −0.09 0.7
Lattice QCD [72] 0.25(2)(2) � � � � � � Lattice QCD [73] 0.132(27) � � � � � �

ϕk
3;V

Ours 0.254 0.120 0.069 Ours 0.158 −0.018 −0.036

ψ⊥
3;A Ours 0.153 0.052 0.023 Ours −0.138 −0.023 −0.002

ϕk
4;V

Ours 0.193 0.078 0.040 Ours −0.020 −0.030 −0.017

ϕ⊥
2;T Ours 0.202 0.084 0.044 Ours 0.007 −0.032 −0.020

LFH [70] 0.25 0.13 0.079 QCD SRs [13] 0.2(1) � � � � � �
DSE [67] 0.25 0.13 0.079 QCD SRs [75] 0.09þ0.10

−0.07 0.03(2) � � �
QCD SRs [77] 0.325(10) � � � � � � LFQM [76] 0 −0.04 −0.04
QCD SRs [74] 0.11(1) 0.022(2) � � � Lattice QCD [73] 0.101(22) � � � � � �

ϕ⊥
3;T Ours 0.278 0.136 0.080 Ours 0.228 0.017 −0.044

ψk
3;S

Ours 0.153 0.084 0.023 Ours −0.138 −0.023 −0.002

ϕ⊥
4;T Ours 0.202 0.052 0.044 Ours 0.007 −0.032 −0.020
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such as decay constants and DAs extracted from different
current components or polarization states are expected to
agree by construction. Our explicit calculations thus serve
as a numerical confirmation of this self-consistency, veri-
fying that our implementation faithfully preserves the
anticipated symmetry properties.
For the ρ meson, which exhibits both longitudinal and

transverse polarizations, we have computed all relevant

decay constants ðfkρ; f⊥ρ ; fAρ ; fSρÞ associated with various
current operators Γ ¼ ðγμ; σμν; γμγ5; 1Þ. As these decay
constants are physical observables, their theoretical pre-
dictions must be entirely independent of the computational
convenience of choosing current components, polarization
states and reference frames. For the first time, we have
demonstrated this self-consistency within the LFQM in the
computation of these decay constants.
The extraction of decay constants from axial-vector

and scalar currents posed a particularly nontrivial challenge

due to the mixing between fkρ and f⊥ρ arising from quark

mass corrections, expressed as fAρ ¼ fkρ − αf⊥ρ and fSρ ¼
f⊥ρ − αfkρ, with α ¼ 2m=M. By applying the BT construc-
tion consistently, we resolved these mixings without
encountering singularities, ensuring self-consistent robust
and reliable results. This work complements and extends
our earlier studies [39,60], further confirming the appli-
cability of the BT construction beyond two-point functions
and demonstrating its utility in three-point and higher-order
processes [46,61].
Furthermore, we have predicted the full set of chiral-

even DAs (ϕk
2;V;ϕ

k
3;V;ψ

⊥
3;A;ϕ

k
4;V) and chiral-odd DAs

(ϕ⊥
2;T;ϕ

⊥
3;T;ψ

k
3;S;ϕ

⊥
4;T) beyond the leading twist. These eight

DAs reveal rich structural information about the ρ meson.

Notably, in the chiral limit (m → 0), our predicted DAs are
consistent with those from QCD SRs [13], lending further
credibility to our LFQM.
Despite the complexity of the ρ meson, the methodology

and results demonstrated here can be readily extended to
other mesons and observables. Future lattice QCD simu-
lations may serve as valuable benchmarks for validating
these predictions.
In conclusion, this work presents a self-consistent and

process-independent implementation of the LFQM based
on the BT framework. It offers a significant step forward to
providing a reliable tool for the study of hadron structure
and spectroscopy.
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