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In this work, we investigate the constituent parton distribution functions (PDFs) of the kaon and heavy
pseudoscalar mesons within the light-cone quark model. Starting from the initial-scale quark and antiquark
PDFs, obtained by evaluating the quark-quark correlation functions for individual mesons, we perform
QCD evolution to determine their partonic structure at higher energy scales. The QCD evolution is carried
out using the next-to-leading-order (NLO) Dokshitzer-Gribov-Lipatov-Altarelli-Parisi equations. We
further compute the average longitudinal momentum fractions carried by the individual constituents at
both the model and evolved scales. In addition, we predict the NLO structure functions of the kaon at
energy scales relevant to the upcoming Electron-Ion Collider (EIC). For the COMPASS + +/AMBER
experiment, we also present detailed predictions for the NLO Drell-Yan cross sections induced by both K+
and K~ beams, using carbon, tungsten, and aluminum as nuclear targets. Finally, we demonstrate the
dominance of the heavier constituents over the lighter constituents in heavy mesons in terms of the

momentum fractions they carry.
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I. INTRODUCTION

It has long been a challenging task to describe the
internal structure of hadrons in terms of their constituent
quarks, antiquarks, gluons, and sea quarks. These constitu-
ents are primarily responsible for the internal dynamics of
hadrons and their interactions with other hadrons. The
strong interactions among the partons inside a hadron and
the hadronic matrix elements of quark-gluon field operators
can be understood within the framework of QCD [1]. QCD
factorization theorems separate the long-distance nonper-
turbative contributions from the short-distance perturbative
components in experimental cross sections, thereby ena-
bling the study of hadron structure. However, the theoreti-
cal description of hadronic structure in the perturbative
regime remains highly nontrivial because of the complex
dynamics of valence quarks, sea quarks, and gluons.
Consequently, the distributions of these constituents are
investigated through quark-gluon correlation functions
in the nonperturbative regime using low-energy effective
models [2-6]. Owing to the nonperturbative nature of
QCD, particularly color confinement and spontaneous
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chiral symmetry breaking, it remains difficult to describe
hadron structure directly from first principles and to
perform calculations based on the fundamental QCD
Lagrangian [7,8]. The distribution functions of the con-
stituents encode information about various multidimen-
sional degrees of freedom, including their momentum and
spatial distributions. These include generalized transverse
momentum-dependent distributions [9-11], generalized
parton distributions [12-17], transverse momentum-
dependent distributions [18-23], parton distribution func-
tions (PDFs) [24-26], form factors (FFs) [27,28], and
many others.

The one-dimensional PDFs are among the most funda-
mental nonperturbative inputs in QCD, encoding the
longitudinal momentum structure of quarks and gluons
inside hadrons. Determining the PDFs of different hadrons
through hard-scattering processes is one of the central goals
of hadron physics. As functions of the longitudinal
momentum fraction x, PDFs describe the probability of
finding a quark or gluon carrying a fraction x of the parent
hadron’s longitudinal momentum [29]. Within the frame-
work of QCD factorization, they provide a crucial link
between the underlying partonic dynamics and experimen-
tally measurable cross sections. PDFs can be extracted from
the long-distance contributions to processes such as deep-
inelastic scattering (DIS) [30,31], leading-neutron electro-
production [32,33], prompt photon production [34], J/y
production [35], and Drell-Yan processes [36]. Although
considerable theoretical and experimental efforts have been
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devoted to determining the PDFs of baryons, particularly
nucleons [37,38], comparatively little is known about the
partonic structure of mesons. Among the mesons, the pion
and the kaon play a central role as the lightest quark-
antiquark bound states and the pseudo-Goldstone bosons
associated with spontaneous chiral symmetry breaking [3].
In our recent work [39], we investigated the pion PDFs and
presented predictions for upcoming EIC experiments. In
the present work, we extend our PDF analysis to the kaon
and other heavy pseudoscalar mesons within the light-cone
quark model (LCQM).

Considerable theoretical model predictions [39-42],
experimental measurements [43], theoretical extractions
[44-48], and lattice QCD studies [49,50] are available
for pion PDFs compared with those of other mesons. In
contrast, exploring the PDFs of the kaon and other mesons
experimentally remains challenging. Nevertheless, their
partonic structure can be investigated through theoretical
models and lattice QCD simulations. For the kaon, the
constituent PDFs have been studied within light-front
quantization [40], the light-front quark model (LFQM)
[51], the light-front holographic model [52], the Dyson-
Schwinger equations framework [53], and the chiral quark
model [54]. Kaon PDFs have also been investigated using
lattice QCD [49,55] and through global theoretical extrac-
tions [56,57]. Experimentally, only a single dataset for the
kaon-induced Drell-Yan process is available, obtained
nearly four decades ago by the NA3 Collaboration [58].
The measurements revealed that the & quark distribution in
the K~ meson is softer than that in the 7~ meson, reflecting
the suppression of the # quark due to the presence of the
heavier s quark and consequently the breaking of SU(3)
flavor symmetry. Apart from fixed-target Drell-Yan mea-
surements, kaon beams have also been used to study J/y
production [59]. The ongoing COMPASS + +/AMBER
experiment is expected to provide high-precision data
for the kaon-induced Drell-Yan process using carbon
targets through the reaction K~ + C — u"u~ + X [60].
Furthermore, the future Electron-lon Collider (EIC) will
probe kaon PDFs through tagged deep-inelastic scattering
(DIS) and the Sullivan process, e+ p = ¢ + X+ A
[61,62]. Heavy-meson PDFs are even more difficult to
measure experimentally because of the extremely short
lifetimes of heavy mesons. Nevertheless, heavy mesons
provide an ideal laboratory for investigating the interplay
between perturbative and nonperturbative QCD due to the
presence of heavy quarks. Their constituent quarks move
more slowly inside the bound state than those in light
mesons, making them particularly interesting systems for
studying heavy-flavor dynamics. PDFs of heavy mesons
have been investigated within several theoretical frame-
works [63-68]. A detailed understanding of heavy-meson
PDFs is essential for describing hard-scattering processes,
heavy-flavor production in high-energy collisions, and

precision predictions for electroweak boson and Higgs
production, as well as collider phenomenology [65].

In this work, we calculate the valence quark and
antiquark PDFs of the kaon and several heavy pseudoscalar
mesons by evaluating the quark-quark correlation functions
within the LCQM. Since higher Fock states contribute only
marginally for heavy quarks [69], we restrict our analysis to
the lowest quark-antiquark Fock state. The LCQM provides
a relativistic and gauge-invariant framework for describing
hadron structure and properties, including mass spectra,
decay constants, and radiative decays. Owing to the boost-
invariant nature of its wave functions, the LCQM offers a
consistent description of hadrons in different reference
frames. The model primarily describes the valence-quark
structure of hadrons and has been shown to provide reliable
predictions even after QCD evolution to perturbative scales.
For pseudoscalar mesons, only the leading-twist collinear
distribution f(x) exists, unlike the nucleon case, where
three leading-twist PDFs are present. The distribution f(x)
describes the probability of finding an unpolarized quark
inside an unpolarized hadron. By evaluating the quark-
quark correlation function, we derive the PDFs both in
terms of the light-front wave functions (LFWFs) and
in their explicit analytical forms using the complete meson
wave function, including both spin and momentum com-
ponents. At the model scale, the PDFs contain only
valence-quark contributions, while the gluon and sea-quark
distributions vanish. We consider charm- and bottom-quark
PDFs for the D- and B-meson families as well as for heavy
quarkonia. The initial-scale PDFs are evolved to higher
energy scales using the next-to-leading-order (NLO)
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evo-
lution equations [70]. We determine the valence, gluon, and
sea-quark PDFs together with their Mellin moments at
different energy scales. In addition, we predict the kaon
structure functions and the NLO fixed-target Drell-Yan
cross sections. For the Drell-Yan calculations, we employ
carbon, aluminum, and tungsten nuclear PDFs available
through the LHAPDF library [71] and consider both K-
and K~ -induced reactions. We further determine the aver-
age momentum fractions carried by the valence quarks,
gluons, and sea quarks at different energy scales and
evaluate higher-order Mellin moments. Our predictions
for the average momentum fractions in the kaon are
compared with available theoretical and lattice QCD
results. We also investigate the dominance of heavy
constituents over light constituents in heavy mesons, the
quark-antiquark flavor asymmetry in different mesons, and
the behavior of identical quark flavors across different
mesonic systems. These studies provide further insight into
the gluon and sea-quark structure of heavy mesons.

The paper is organized as follows. In Sec. II, we
introduce the LCQM and discuss its spin and momentum
wave functions. In Sec. III, we present the valence quark
and antiquark PDFs at the model scale, derive the explicit
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expressions for the LFWFs and their Mellin moments, and
predict the NLO kaon structure functions and unpolarized
Drell-Yan cross sections. We also discuss the flavor
asymmetry at both the model and evolved scales for
different mesons. Finally, our conclusions are presented
in Sec. IV.

II. METHODOLOGY

A. Light-cone quark model

The hadron wave function based on the light-front (LF)
quantization of QCD using the multi-particle Fock-state
expansion is expressed as [1,11,21,72-77]

" dxd2k
¥,(PT,P,,S = —
e =3 [ TI ok

X 167135(1 - zn:xl) 5 (Z kh)
i=1

i=1
X V/Q/h(xi’kii’ii)
X ;P P+ KA. (1)

Here, |¥,(P*,P,S.)), denotes the hadron eigenstate
with the four-vector LF momentum P = (P*, P, P~) and
spin A. The quantity S, represents the spin projection of the
hadron. For spin-0 pseudoscalar mesons, S, = A = 0. In
the case of A = 1 (vector mesons), S, takes the values £1
and 0. The variables x; and k ; denote the longitudinal
momentum fraction and transverse momentum, respec-
tively, of the ith constituent of the hadron. The quantity
A; represents the helicity of the ith constituent. The relation
between S, and 4; is given by S, = > ; 4; + [, where [, is
the orbital angular momentum of the hadron. In LF
dynamics, the momentum and energy of the hadron are
distributed among its constituents and satisfy the corre-
sponding conservation laws.

The four-vector momentum k; of the ith constituent can
be expressed as

k2. 2
ki= (ki ko ki) = (xiP+vxiPJ_+kJ_i’%>- (2)

Here, m; is the mass of the ith constituent. The total
longitudinal momentum carried by the constituents satisfies
the momentum conservation relation, P* = > 7 k", which
implies that > 7 x; = 1. Similarly, the constituents satisfy
energy conservation, P~ = ) " k; . The transverse momenta
also satisfy the conservation relation » "k, ; = 0. The
function 1//{1\/ »(xi, K, 4;) in Eq. (1) represents the LF wave
function, which is independent of the parent hadron momen-
tum. The hadron eigenstate in Eq. (1) obeys the normali-
zation condition,

w R (PP S)[WR(PT P LS, ) A
=2(27)PTSp\8(PT = PSP (P, —P). (3)

The above formalism is applicable to any composite
system, irrespective of the reference frame. In the present
work, however, we restrict our discussion to the meson
state, which is the primary focus of this study.

The Fock state of a meson can be expressed in terms
of quarks, gluons, and sea-quark degrees of freedom
as [21,77,78]

W) =D 1adeq + D 1989 aas + D 19399 gas
+ Z |QQ(QQ)sea>l//qé(qc7)sca + - (4)

In the present work, the Fock-state expansion of the
meson wave function in the LCQM is restricted to the
lowest Fock state. The spin-orbit component of the lowest
Fock state is regarded as a free state, with its quantum
numbers, including angular momentum, parity, and
charge conjugation, incorporated into the light-front wave
function through the Melosh-Wigner transformation [79].
Therefore, the meson is treated as a constituent quark-
antiquark system. Consequently, Eq. (1) can be reduced to
the meson eigenstate by considering only the two-particle
Fock state (n = 2) as [21,76,80,81]

|Th(P+,PLsSz)>A:Z/L2kL
i Vx(1=x)167°
Xl//;\q(x,kj_,ll,iz)

Here, 1; and 4, denote the helicities of the quark and
antiquark, respectively. Throughout this work, we use g
and g to represent the quark and antiquark, respectively.
The four-momenta of the quark (k,) and antiquark (k) are
given by

kZ + m2
kq = (XP-'»,%,I(J_), (6)

ki+m‘%

h=(0-or ) )

The function y), (x. k.. 4,) in Eq. (5) represents the
momentum-space LFWF, which can be written as the
product of the radial and spin wave functions [82]

l/’ﬁ}f](x’kjullv/b) :¢(X, ki)SA<x7kJ_7/11’12>7 (8)

where ¢(x, k%) and S, (x,k, 4, 4,) denote the radial and
spin wave functions of the meson, respectively. For the
ground-state meson momentum-space wave function, we
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adopt the Brodsky-Huang-Lepage (BHL) prescription
[83,84]. Within this prescription, the radial wave function
of the meson is expressed as

k2 +m? l+m 2 2
L+ my + mg
¢(x’ ki) =Apexp|—— > ! > ‘
80}, 44,
(mé - m%)2

©)

367 (S - )

for asymmetric quark-antiquark masses [27,85]. Here, m,
and my denote the quark and antiquark masses, respec-
tively. For symmetric quark-antiquark masses (m, = mg),
the radial wave function reduces to [79,86]

2
1 kL +mo  mi
21 (10)
Sﬁh x(l—x) 2p;

¢(x. k1) =Ayexp|—

Here, A, and p, are the normalization constant and
harmonic-scale parameter of the corresponding meson,
respectively. The normalization constant A, is determined
by normalizing the radial wave function ¢(x, k%) accord-
ing to

/ dx(d ‘; K = 1. ()

The values of the harmonic-scale parameter /3, the quark
mass m,, and the antiquark mass m; used for different
mesons are listed in Table 1. These parameters are adopted
from our previous work [21,81], where they were deter-
mined by reproducing the meson masses using the varia-
tional principle [87]. Irrespective of the meson spin, the
radial wave function remains unchanged. However, the spin
wave function Sy (x,k;,4;,4,) in Eq. (8) differs for
mesons with different spin quantum numbers. In the
present work, we restrict our analysis to spin-0 pseudo-
scalar mesons (A = S, = 0). The front-form spin wave
function can be derived either from the instant-form spin
wave function through the Melosh-Wigner rotation [79,85]
or by solving the quark-meson vertex using the appropriate
Dirac spinors. Both approaches lead to the same spin wave
function for spin-0 pseudoscalar mesons. In this work,
we employ the spin wave function obtained from the

quark-meson vertex, following our previous studies
[11,23,79,88,89]. The spin wave function for spin-0 pseu-
doscalar mesons (A = S, = 0) is given by

S,k A1, 4y) = ii(ky, Ay)

A
x 4a’s v(ky.Ay). (12)
2

where Aqq =M qq T my + mg. Here, u and v denote the
light-front Dirac spinors [90], and

k3 + m}

is the invariant mass of the quark-antiquark system. The
spin wave functions for pseudoscalar mesons (S, = 0)
corresponding to different helicity combinations of the
quark and antiquark are given by [79]

ki +m;

1—x

Sl 1) = =0 (Kb,
Sl ) = =0 (1=, +xm) Ay,
S 1) = =0 (=(1 = x)m, = m;) Ay,
Sl ) = Z=om (KA, (13)
Here,
o = Ay [x(1 = x)[M2, = (m, —m,)?).

The spin wave function satisfies the normalization con-
dition

D ISk AL )P = 1. (14)

Ay

Finally, the two-particle Fock state for spin-0 pseudo-
scalar mesons in Eq. (5) can be written in terms of
all possible helicity combinations of the constituent quark
and antiquark together with the momentum-space wave
function as

TABLE I.  The constituent light quark masses m, (¢ = u, d, s) and heavy quark masses m, (Q = ¢, b), along with the harmonic
oscillator scale parameters /3, are given in units of GeV. These parameters are adopted from Refs. [21,87].

My (q) m m. my ﬁqs ﬂqc /}cc ﬂbb ﬁsc ﬁqb ﬂsb ﬁbc
0.22 0.45 1.68 5.10 0.405 0.500 0.699 1.376 0.537 0.585 0.636 0.906
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dxdsz_
2(27)3/x(1 —x)

¥, (P*.P,.S, = 0)) = /

p(x.kD)[S(x. k1 D)xPH k1 (1-x0)P k. 1)

+S('x’kj_’ \L"L)|XP+’kJ_7 i,,(l _x>P+’_kJ_’ ‘L> +S<x7kl’ \L? T)‘XP+’kJ_’\l/;(l _X)P+’_kJ_7 T>
+ Sk PR (T=x) P =k )] (15)

III. PARTON DISTRIBUTION FUNCTIONS

The probability of finding valence quarks, antiquarks,
gluons, and sea quarks inside a meson as functions of
the longitudinal momentum fraction is encoded in the
PDFs. For pseudoscalar mesons, there exists only a single
leading-twist unpolarized quark PDF, in contrast to three
for spin—% nucleons and four for spin-1 mesons. This
unpolarized PDF, f, (x), arises from the nonflip helicity
configurations of the quark-antiquark pair within an unpo-
larized meson. At a fixed light-front time z* =z, the
quark-quark correlator defining the unpolarized quark PDF
is given by [39,91]

1 [dz= .,.._
fq(x) = E/Eelm /2<‘Ph(P+,PJ_sz = 0)|

@ (O)W(0. )0y (2) W4 (PT. P L. S, = 0))]+ 5, -
(16)

Here, I' = y* denotes the LF vector current correspond-
ing to the unpolarized quark PDF, which determines the
Lorentz structure of the correlator. The quantity w(z) is
the quark field operator, and z = (z*, 77, z, ) denotes the
space-time four-vector specifying the separation between
the quark field operators. The Wilson line W(0, z) ensures
the gauge invariance of the bilocal quark-field operators
appearing in the correlation function [92]. In the present
work, the Wilson line is taken to be unity.

Using the meson Fock state in Eq. (15) together with
the quark field operators given in Ref. [90], the overlap
representation of the unpolarized quark PDF, f,(x), can be
written as

d’k
1200 = [ Gozlote i)

< [ISGe kA )P+ ISk L L)
+ISG ke L P+ IS kL DPL (17)

Substituting the spin wave functions given in Eq. (13),
the explicit expression for the quark PDF becomes

1673
ICERTERTE

)

4’k
fox) = / L p(x K3 AP

[
One can obtain the antiquark PDF, f;(x), from the quark
PDF using the momentum sum rule, f;(x) = f, (1 —x).
This relation implies that, at the initial scale, the total
longitudinal momentum of the parent meson is entirely
carried by the constituent quark and antiquark. The
unpolarized quark and antiquark PDFs satisfy the following
sum rules [21,22]:

1

A dxf,(x,0f) =1,
1

A dxfy(x, Q%) =1,

| anilr,x. 09 + fix 0Bl =1 (19

Since gluon and sea-quark contributions are not included
at the initial scale in the present work, their corresponding
momentum fractions vanish:

/ dxg(x. 03) =0,

/ 'dxS(x.02) =0.  (20)
0 0

Here, g(x, Q3) and S(x, Q}) denote the gluon and sea-quark
distributions, respectively. It should be noted that Q, refers
to the lower limit of the initial-scale range considered in this
work. The dynamical gluon contributions arising from
higher Fock states in the pion and kaon are currently under
investigation, and the corresponding results will be pre-
sented in a future publication.

A. Initial scale PDFs

For the present study, we consider the ground-state
pseudoscalar mesons investigated in our previous work
[81], namely the kaon K~ (sit), the D mesons (D*(cd),
D{ (c5)), the charmonium state #.(cc), the bottomonium
state i, (bb), and the B mesons (B*(ub), B} (ch), BY(sb)).
A detailed study of the pion PDFs within the LCQM has
already been presented in our previous work [39]. Among
these mesons, the kaon is of particular experimental interest
since its PDFs can be accessed through the ongoing
COMPASS + +/AMBER kaon-induced Drell-Yan pro-
gram at CERN, as well as future measurements at the
EIC. In contrast, the PDFs of the heavier mesons are
difficult to probe experimentally because of their very short

034056-5



SATYAJIT PUHAN

PHYS. REV. D 114, 034056 (2026)

— D (cs)
= Nclc€)
D*(cd)
- BY(sh)
K~ (su)
- B (cb)
B* (ub)
- nb(bb)

T
1.0

FIG. 1. The quark PDFs, fq(x), of different mesons as
functions of the longitudinal momentum fraction x at their

respective initial scales.

lifetimes. Consequently, theoretical studies provide an
important avenue for understanding their partonic structure.
The numerical calculations require only two model
parameters: the constituent quark masses, m, ), and the
harmonic scale parameter, f3;,, whose values are listed in
Table I. The resulting quark PDFs at the initial scale are
shown in Fig. 1. All distributions are positive over the entire
kinematic region, while the antiquark PDFs are related to
the quark PDFs through the symmetry relation discussed in
Sec. III. Mesons composed of equal-mass constituents,
namely 7, and 7, exhibit symmetric PDFs about x = 0.5.
In contrast, for heavy-light systems such as the kaon and
the D mesons, the distributions peak at x > 0.5, indicating
that the heavier constituent carries a larger fraction of the

TABLE II. Calculated Mellin moments of the parton

longitudinal momentum. The opposite behavior is observed
for the B mesons, where the heavy antiquark carries most of
the meson momentum, leading to quark distributions that
peak at x < 0.5.

The constituent-quark mass also has a significant influ-
ence on the shape of the PDFs. As the meson mass
increases, the distributions become increasingly localized
in x, resulting in narrower distributions with larger peak
values. This trend is clearly illustrated by the comparison
between the 7. and 7, PDFs, where the heavier 7, exhibits a
noticeably narrower distribution. Among all the mesons
considered, the B™ meson possesses the most localized
valence distribution. Physically, this behavior reflects the
increasingly nonrelativistic nature of heavy-quark systems.
As the constituent mass increases, the quark and antiquark
are more likely to share the meson momentum almost
equally, suppressing the probability of finding constituents

carrying very small longitudinal momentum fractions.
Similar features have also been reported within the basis
light-front quantization (BLFQ) framework [65], Bethe-

Salpeter wave functions (BSWFs) [69,93], the LFQM

[63,94], the holographic basis approach [66,95-97], and

Ref. [98].

We have also calculated the Mellin moments, (x"), of the
quark and antiquark PDFs for different mesons, which are

defined as

_ [ 0)

= (.0 @)

{x")

The Mellin moments at the initial scale Q, are listed
in Table II. The zeroth Mellin moment corresponds to
the valence quark number and is equal to unity for each
constituent, satisfying the quark number sum rule. The first
Mellin moment gives the average longitudinal momentum

distribution functions at the initial scales, (x"), forn =0, 1,

2, 3, and 4. For quarkonium states, the quark and antiquark moments are identical, whereas they are listed separately

for heavy-light and light-heavy mesons.
Meson Parton (x0) (x") (x?) (x3) (x*)
K~ (sit) s 1.000 0.551 0.338 0.224 0.157
7 1.000 0.449 0.236 0.138 0.0861
D (c5) c 1.000 0.677 0.476 0.345 0.256
5 1.000 0.323 0.121 0.051 0.023
Dt (cd) c 1.000 0.714 0.528 0.402 0.313
d 1.000 0.286 0.099 0.039 0.017
BY(sb) s 1.000 0.166 0.033 0.008 0.002
b 1.000 0.834 0.700 0.593 0.506
B (ub) u 1.000 0.145 0.027 0.006 0.001
b 1.000 0.855 0.736 0.638 0.557
Bf(ch) c 1.000 0.290 0.091 0.031 0.011
b 1.000 0.710 0.511 0.372 0.275
1y (bb) b/b 1.000 0.500 0.257 0.136 0.073
n.(c?) c/c 1.000 0.500 0.263 0.145 0.083
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fraction carried by the constituent quark or antiquark. At
the model scale, the total momentum is shared entirely by
the valence quark and antiquark, consistent with the
momentum sum rule in Eq. (19).

The calculated Mellin moments reveal a clear correlation
between the constituent mass and the average longitudinal
momentum fraction. Within a given meson, the heavier
constituent always carries a larger fraction of the meson
momentum, which can be approximately expressed as

(X)g(a) x My(q)- (22)

Consequently, the bottom antiquark in the B-meson family
carries the largest momentum fraction among all constitu-
ents considered in this work, whereas mesons composed of
equal-mass constituents, such as 7, and ,,, exhibit identical
quark and antiquark Mellin moments. The momentum
asymmetry, (x), — (x);, is therefore governed primarily
by the constituent mass difference and becomes most
pronounced for the heavy-light B mesons.

The Mellin moments further demonstrate the suppres-
sion of the longitudinal momentum carried by a light
constituent in the presence of a heavier partner. For a given
quark flavor, the Mellin moments at the initial scale satisfy

B () > (xmyle, (23)

showing that the momentum carried by a given quark flavor
decreases as the mass of its partner constituent increases.

Although the model provides the nonperturbative PDFs
at the initial scale, phenomenological applications require
their evolution to higher momentum scales. Therefore,
throughout this work the model PDFs are evolved using
the standard DGLAP evolution equations at NLO accuracy
with the HOPPET toolkit [99], thereby connecting the
nonperturbative model scale with the perturbative regime
relevant for experimental measurements.

The DGLAP evolution equations relate the PDFs
at different energy scales and provide the connection
between the nonperturbative model scale and the pertur-
bative [31,100-102],

J , 2 g 2
b , 2 ; 2

where

ronw=[Er(f)ree. oo

X

Here, a,(Q?) denotes the strong coupling constant, which
has been taken from the CT14 proton PDF set available in
the LHAPDF library [71]. The variable z represents the
longitudinal momentum fraction of the parent parton before
splitting, while qu, qu, qu, and ng are the standard
DGLAP splitting kernels. Starting from the valence-quark
distributions obtained within the LCQM, QCD evolution
dynamically generates gluon and sea-quark distributions
through successive parton splittings, thereby providing
the complete partonic structure of the mesons at higher
momentum scales.

B. Evolved constituent PDFs

The quark and antiquark PDFs shown in Fig. 1 are
evolved to higher energy scales using the NLO DGLAP
evolution equations. For each meson, the initial scale is
varied within the range Qy—2Q,, with the corresponding
values listed in Table III. The lower limit of the evolution
scale is chosen such that Qy > mg, where m denotes the
mass of the heaviest constituent quark in the corresponding
meson. This choice provides a physically motivated starting
point for perturbative evolution, where the hadronic struc-
ture is still dominated by the valence quark-antiquark
configuration while remaining above the heavy-quark
threshold.

Among all the mesons considered in this work, the
kaon is of particular phenomenological interest because
its PDFs can be directly constrained by the ongoing
COMPASS + +/AMBER program and future EIC mea-
surements. The evolved PDFs of the K~ meson at
0% = 100 GeV? are presented in Fig. 2. The uncertainty
bands correspond to varying the initial scale within the
range Qp—20,.

The NLO evolution exhibits the characteristic redistrib-
ution of the meson longitudinal momentum among the
different partonic constituents. As the energy scale
increases, repeated quark-to-gluon radiation followed by
gluon splitting into quark-antiquark pairs progressively
transfers momentum from the valence sector to the
dynamically generated gluon and sea-quark distributions.
Consequently, the valence PDFs become suppressed, par-
ticularly in the intermediate- and low-x regions, whereas

TABLE III. Ranges of the initial scale, O, used for different
mesons in this work.

Meson Qo ( GeV)

K- 0.50-1.00

D",D,,n, 1.68-3.36

BY.B..n, BT 5.10-10.20
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(a) The valence-quark distribution
ZSval (), valence antiquark distribution
Zlvyal (), gluon distribution zg(z), and
sea-quark distribution zS(x) as
functions of the longitudinal momentum

fraction x.

Q? [GeV?]

(b) Average momentum fractions
carried by the valence quark, antiquark,
gluon, and sea quarks, (z)s, (z)a, (z)q,

and (z)g, respectively, as functions of
2

Q? [GeV?]

(c) The n'™ Mellin moments of the total
valence distribution, (z™)s,, +a,.,, aS
functions of Q2 for n < 5.

FIG. 2. The PDFs of the K~ (sit) meson evolved to Q%> = 100 GeV? using NLO DGLAP evolution with the initial scale varied over
the range Q, € [0.50, 1.00] GeV. The central curve corresponds to the initial scale Qy = 0.75 GeV.

the gluon and sea-quark distributions increase rapidly at
small x, consistent with perturbative QCD expectations.

Despite this continuous redistribution of momentum, the
flavor hierarchy established at the model scale remains
remarkably stable under QCD evolution. The strange quark
continues to carry a larger longitudinal momentum fraction
than the light antiquark over the entire evolution range
because the heavier constituent is initially localized at
larger x, and the DGLAP evolution modifies the distribu-
tions without altering this underlying mass hierarchy. This
demonstrates that the constituent-mass dependence pre-
dicted by the LCQM is a robust nonperturbative feature that
survives perturbative evolution to experimentally relevant
energy scales.

The evolved PDFs satisfy the momentum sum rule at
every energy scale,

/0 a6, 0%) + Fou (X, 0%) + S(x, 0%) + g(x, 0%)] = 1.
(27)

The evolution of the average momentum fractions and
the Mellin moments is also presented in Fig. 2. As the
evolution proceeds, the reduction of the valence momentum
fraction is exactly compensated by the growth of the gluon
and sea-quark contributions, thereby preserving the total
longitudinal momentum of the meson throughout the
evolution.

The higher-order Mellin moments decrease monotoni-
cally with increasing Q?, indicating that QCD evolution
progressively broadens the longitudinal momentum distri-
butions and reduces the probability of finding a constituent
carrying a large fraction of the meson momentum. At the
same time, the ordering of the Mellin moments among the
individual constituents remains unchanged throughout
the evolution, confirming that the mass-dependent

momentum hierarchy established at the nonperturbative
scale is preserved after NLO DGLAP evolution. The
simultaneous evolution of the PDFs and their Mellin
moments therefore provides a consistent picture of how
perturbative QCD modifies the meson structure while
retaining the essential nonperturbative characteristics of
the underlying bound state. At present, no direct exper-
imental determination of the kaon PDFs is available.
Therefore, lattice QCD calculations and phenomenological
extractions provide the primary benchmarks for assessing
the reliability of theoretical predictions [49,55]. The
evolved quark and antiquark PDFs are compared with
the recent JAM analysis in Fig. 3 at the scale Q> = 4 GeV?,
where the uncertainty band reflects the variation of the
initial scale considered in this work. The evolved PDFs are
found to be in good agreement with the JAM results in the
large-x region, where the distributions are dominated by

T T T T
JAM dg = = This work g
0.8l JAM s = = This work s¢ |
P Ak N
- N
,——~ \
A \
/ VAR \
0.6 / /7 \ \ -
/ / N

- / \ \
X &7 \ \
[ / / \ \
7] / / \ \

0.4r / / \ \ 7

/ / \ \
/ 2 N \
/A / N \
’ \
0.2+ 1 4 N \ :
/ \ \
/7 7 \\ \
&// Q2 =4 GeV? ~ D
0.0 1 1 1 1 I _\
0.0 0.2 0.4 0.6 0.8 1.0
X
FIG. 3. Comparison of the evolved quark and antiquark PDFs

of the kaon with the recent JAM analysis at Q% = 4 GeV? [55].
The uncertainty band corresponds to the variation of the initial
scale over the range Q, € [0.5, 1.0] GeV.
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TABLE IV. First and second Mellin moments of the valence quark, antiquark, gluon and sea-quarks K~ -meson at
0? =4, 16 and 27 GeV? scales. The uncertainties correspond to the variation of the initial scale

0, €050, 1.00] GeV.

0% (GeV?) Moment ("), ()i (x"), (™) ea
4 (x) 0.4281 095 0.31210:939 0.23670339 0.02410:957
(x%) 0.2317058 0.13310:928 0.04310906 0.00255300%
16 <x> 0.3781—04048 02761»0035 0'3051—0.124 0'041t0.041
2 +(())'. %)% +(())(())7232 +(())'.%)§)91 +% %1051 9
(x?) 0.19210:9%¢ 0.11010:92 0.0460:501 0.0039 30017
27 () 0.364° 048 0.266°00%! 0.322°0,22 0.04875:2
(x?) 0.18170:9%¢ 0.10473021 0.046 0% 0.0045* 03017

valence quarks. Moderate deviations appear in the inter-
mediate-x region, while our PDFs are systematically larger
than the recent phenomenological extraction of Ref. [57]
and the lattice QCD results of Ref. [49]. These differences
primarily originate from the choice of the initial non-
perturbative scale and the corresponding valence distribu-
tions used as inputs to the QCD evolution. Nevertheless,
the overall agreement demonstrates that the present LCQM
provides a realistic description of the kaon valence structure
after NLO DGLAP evolution.

The calculated Mellin moments of the kaon constituents
up to n = 2 are listed in Table IV. The valence constituents
are found to carry larger average longitudinal momentum
fractions than those predicted by the available theoretical
models and lattice QCD calculations [40,51,103-105]. For
a more quantitative comparison, the normalized Mellin
moment ratios, (x")/(x), of the valence, gluon, and sea-
quark distributions are presented in Fig. 4 at Q% = 4, 16,
and 27 GeV?2. Unlike the individual Mellin moments, these
normalized ratios are less sensitive to the overall normali-
zation of the PDFs and therefore provide a more stringent
test of the shape of the parton distributions. The calculated

ratios are found to be in good agreement with the available
theoretical models and lattice QCD simulations, indicating
that the longitudinal momentum distributions predicted by
the present framework are consistent with other nonper-
turbative approaches. The comparatively larger uncertainty
bands originate predominantly from the variation of the
initial evolution scale rather than from the perturbative
evolution itself.

We further predict the kaon structure function at NLO for
the kinematic region relevant to future EIC measurements.
The structure function is calculated from the evolved quark,
antiquark, and gluon distributions as

a,(Q?)
2w

Fa(3.0) = Y ee{ £,0.0%) 4 13 0) +
< [Cogld] ® (F,(x.0) + £4(x. 0%))
200,11 @ glx. 0°)] } (28)

where the coefficient functions in the MS scheme are
given by

B This Work s @& This Workg @ BLFQ-NJLsX 4 LFQMsK A Chen (2016) s ¢ Watanabe (2018) s V Alexandrou (Lattice) s
® This Work X This Work S § BLFQ-NJL X < LFQM iX A Chen (2016) iX ¢ Watanabe (2018) tX V Alexandrou (Lattice) uX
0.7 T T T 0.7 T T T 0.7 T T T
Q%=1 GeV?| { Q%2=16 GeV?| { Q%=27 GeV?| {
0.6 - 0.6 -1 0.6 1
| |
0.5 - 0.5 <1 0.5 1
W_a
| * +
__oaf 4 oa} 4 04 ¢ AY -
X " v
Z
E 0.3 - 0.3fF <1 03F -1
0.2} ‘% 4 o2} %) 4 o2} (Y - v 4
I f qlé f * g 1 f AV 4
v
0.1 3 + 4 oaf + ® 4 o0af v o
* ] *
0.0 - 0.0f * <1 0.0F * 1

1 1 1 1
(x2)/(x) (3)/(x) (x*)/(x) (x?)/(x)

1 1 1 1 1
(x3)/(x) (x*)/(x) (x2)/(x) (x3)/(x) (x*)/(x)

FIG. 4. Ratios of the Mellin moments, (x")/(x), for the valence, gluon, and sea-quark PDFs of the kaon at Q> = 4, 16, and 27 GeV?>.
The results are compared with available theoretical model predictions [40,51,103,104] and lattice QCD results [105].
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().

—(1+z)In(1-2)— 11
+3+2z—<7;2+2>5(1—1)]v (29)

and

CYS(2) = Tg [((1 -22+22) ln<1 ;Z> - 822+ 8z~ 1}

(30)

Here, Cr =4/3 and Ty = 1/2 are the color factors. In
Fig. 5, we have plotted the kaon structure function as a
function of x at the energy scales 0% =10, 100, and
1000 GeV?. The structure function is found to increase in
the small-x region (x < 0.2) with increasing Q?, while it
decreases in the large-x region. This behavior arises from the
transfer of longitudinal momentum from the valence quarks
to the dynamically generated gluon and sea-quark distribu-
tions during QCD evolution. The predicted kaon structure
function will be useful for future EIC measurements, where
the kaon structure will be explored through the Sullivan
process in tagged deep-inelastic scattering [106].

We have also predicted the differential cross section
for the kaon-induced fixed-target Drell-Yan process
(K*¥+A—>¢7¢+X) relevant to the upcoming
COMPASS ++4/AMBER experiment at CERN. The
COMPASS ++/AMBER experiment will measure the
Drell-Yan cross section using a kaon beam incident on a
carbon target, which contains equal numbers of protons
and neutrons, to investigate the partonic structure of the
kaon [60]. Besides carbon (C), we also present predictions
for aluminum (Al) and tungsten (W) nuclear targets using
the corresponding CTEQ15 nuclear PDFs [107]. The

1.0 B \ N Y T
t b Q% =10 GeV2
y A\ Q=100 GeV?
. N \ Q2=1000 GeV?
0.8 “ \\ L
: \ \
\
~ \ \'
& 0.6 X\ ]
< N
» \ ¥
IMN \\ &
= 0.4 \b. 4
A\
N S
Sy,
0.2f AR .
W
\\.\ °.
N
i i N,
1073 102 101 10°

FIG. 5. The kaon structure function FX~ predicted at NLO
for Q2 =10, 100, and 1000 GeV?, using the initial-scale
range Qg €[0.5,1.0] GeV.

differential cross section for the kaon-induced Drell-Yan
process at NLO is given by [39,40,108]

m*d*c  8ma?(Q?) m?
dmdY 9 T;/dxld”
X Cij(x1,x0.8,m, Q) fi/k(x1, Q%) f j/a(x2. 0%).
(31)

where C;; represents the hard-scattering kernels, which are
expanded perturbatively as

= aS " n
Cij(-xl’-x27s7 m, QZ) - Z (E) ng)(xl’-xZ? s, m, Q2>

n=0
(32)

The NLO coefficient functions Cl(.;) have been taken from
Ref. [108]. The summation includes the ¢g, gg, and gg
subprocesses. Here, f,/x(x;, 0> =m?) denotes the
evolved kaon PDF, while f;,(x,, Q%) represents the
nuclear PDF of the target. By integrating over the rapidity
Y, we obtain the differential cross section, which is shown
in Fig. 6. We have considered both K" (us) and K~ (si)
beams with the same beam energy of 100 GeV. The K~
beam is found to produce a larger cross section than the K™
beam, which is consistent with the trend observed in
kaon-induced J/y production [59]. The calculated cross
sections also exhibit behavior similar to the recent BLFQ
predictions [109], while the choice of nuclear target is
found to have only a modest effect on the total cross
section. By integrating the differential cross sections over

10!
Kaon beam 100 GeV

100
—
=
)
L

g 10!
£
>
[
@)

S 102
=

s}
S5
1073
0.0<xr<10 %
104 >
2 3 4 5 6 7 8 9
m[GeV]

FIG. 6. The differential Drell-Yan cross section, do/dm, as a
function of the dilepton invariant mass m for K*- and K~—
induced reactions on carbon (C), aluminum (Al), and tungsten
(W) nuclear targets. The nuclear PDFs are taken from the
CTEQ15 nuclear PDF set [107].
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the considered dilepton invariant-mass range, we obtain the
integrated cross-section ratio

o(K*)
o(K7)

=0.28 £0.012,

which is in good agreement with the ratio measured in
kaon-induced J/w production, ¢(K")/o(K~) = 0.29+
0.07 [59]. Although these two processes involve different
production mechanisms, the similar ratio indicates that the
suppression of the K™ cross section relative to the K~ cross
section is primarily governed by the different valence-quark
compositions of the two kaon beams. Future COMPASS+
+/AMBER measurements will provide a direct test of this
prediction.

Except for the kaon, direct experimental information on
the internal structure of the heavier mesons considered
in this work is currently unavailable because of their
extremely short lifetimes. Nevertheless, understanding their
PDFs is important for describing heavy-ion collisions,
quarkonium production, and various exclusive and inclu-
sive hard-scattering processes, where nonperturbative QCD
effects play an essential role. In this work, we have evolved
the constituent PDFs over the range x > 10~ to energy
scales relevant for the proposed Electron-Ion Collider in
China (FEicC) [110], the electron-Relativistic Heavy Ion
Collider (eRHIC) [111], and the Large Hadron Electron
Collider (LHeC) [112].

The detailed evolution of the heavy-meson PDFs shown
in Figs. 15—18 has been presented in the Appendix to avoid
repetition, since all heavy mesons exhibit the same quali-
tative features under NLO DGLAP evolution. The principal
differences arise only from the constituent masses and the
corresponding initial evolution scales.

For the heavy-light systems (D, Dy, B, B, and B,), the
heavier constituent consistently carries a larger longitudinal
momentum fraction than the lighter constituent over the
entire evolution range. Compared with the kaon, these
mesons generate smaller gluon and sea-quark distributions

Valence Distribution

Gluon Distribution

because of their larger initial scales and the correspond-
ingly shorter DGLAP evolution length. As a result,
the valence sector remains dominant even at high momen-
tum scales.

For the quarkonium systems (7. and #,,), the quark and
antiquark carry identical momentum fractions owing to
their equal constituent masses. The dynamically generated
heavy-flavor sea enhances the distributions only in the
very small-x region, while the valence contribution remains
dominant throughout the evolution. The bottomonium
distributions are found to be narrower than the charmonium
distributions, reflecting the larger bottom-quark mass.

The bottom-meson family exhibits the strongest con-
stituent-mass asymmetry. In particular, the bottom anti-
quark carries most of the longitudinal momentum in the B™
and BY mesons, whereas this dominance is reduced in the
B, meson because the accompanying charm quark is
substantially heavier than the light up or strange quarks.
These features are consistent with recent BLFQ calcula-
tions for heavy mesons [65].

For an overall comparison, the evolved valence,
gluon, and sea-quark distributions of all mesons at
0% = 10* GeV? are presented in Fig. 7. The qualitative
mass dependence established at the model scale is pre-
served after evolution, with heavier constituents remaining
concentrated at larger values of x than lighter constituents.
The kaon exhibits the largest gluon and sea-quark distri-
butions among all mesons considered, whereas these
distributions become progressively smaller with increasing
constituent masses. Both the gluon and sea-quark distri-
butions rapidly decrease for x = 0.6.

The corresponding average momentum fractions are
shown in Fig. 8. The heavy mesons retain a significantly
larger fraction of their momentum in the valence sector than
the kaon. In particular, the valence constituents of the
bottomonium and B-meson systems carry approximately
75%—83% of the total longitudinal momentum, whereas
the corresponding fraction for the kaon is considerably
smaller. Consequently, the gluon and sea-quark momentum

Sea Quark Distribution

Q%=10000 GeV*

Dies) == B (wh)

1073 10- 107 102
x

(a) The valence-quark distributions,
Z fval (2), of different mesons evolved
from their respective initial scales,
shown as functions of the longitudinal
momentum fraction x.

(b) The gluon distributions, zg(z), of
different mesons evolved from their
respective initial scales, shown as
functions of the longitudinal momentum functions of the longitudinal momentum

fraction x.

(c¢) The sea-quark distributions, zS(x),
of different mesons evolved from their
respective initial scales, shown as

fraction .

FIG.7. The constituent PDFs of different mesons evolved to Q% = 10000 GeV? using their respective initial scales listed in Table IIL.
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FIG. 8. Average momentum fractions carried by the total valence quark-antiquark pair, (x),,, gluons, (x),, and sea quarks, (x),, for
different mesons at Q%> = 10000 GeV?. The error bands represent the uncertainty arising from the range of initial scales considered in

this work.

fractions remain below 10% for all heavy mesons consid-
ered in this work.

The Mellin moments of the evolved quark and antiquark
PDFs are summarized in Fig. 9 and in Table V. The first
Mellin moments preserve the same ordering observed at the
initial scale [Eq. (23)], whereas the higher-order moments
evolve differently owing to QCD radiation. The quark-
antiquark momentum asymmetry, (x), — (x),, is presented
in Figs. 10 and 11, with the corresponding numerical values
at Q% = 10* GeV? listed in Table V. Although the magni-
tude of the asymmetry decreases gradually with increasing
Q?, its dependence on the constituent-mass difference
remains unchanged throughout the evolution. The largest

0.45F

0.40F

0.20

0.15}

0.10f

1 2 3
n

(a) The Mellin moments of the valence-quark distributions
for different mesons at Q? = 10000 GeV? up to n = 5.

asymmetry is obtained for the BT meson because of the
large mass difference between the bottom and up quarks,
whereas the kaon exhibits only a weak scale dependence.
The magnitude of the quark-antiquark momentum asym-
metry follows the hierarchy,

[(x), = (x)g|:B" > B)>B.>D">D;>K". (33)
We have also compared the bottom- and charm-quark PDFs
in Figs. 13 and 12, respectively. The bottom PDFs exhibit
distinct distributions among different mesons, with the
distributions becoming increasingly concentrated at large x
owing to the heavy bottom-quark mass. As the mass of the

070f -
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0.40 |
035F j
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0.25F
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(b) The Mellin moments of the valence-antiquark
distributions for different mesons at Q2 = 10000 GeV? up to
n =>5.

FIG. 9. Mellin moments, (x"), of the valence-quark and valence-antiquark distributions for various mesons evolved to
0% = 10000 GeV2. The error bands represent the uncertainty associated with varying the initial scale Q, within the range considered

in this work.
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TABLE V.  Valence quark momentum asymmetry (x), — (x), at
0? = 10* GeV? for different meson.

Meson <x>quark <X> antiquark <x>q - <x>q
K- 02762006 02287003 004870075
D+ 0.484700%3 0.1970% 0.2871093
D, 0.4597 0022 0.2221 0010 0.237:3012
e 0.3407008 0.341700¢ 0.0

B° 013410004 0.6607 0022 —0.52610%%
B, 02323000 05622002 -0.3311001;
My 0.3979913 0.397:0913 0.0

B 01T oeTsl  050g

accompanying constituent decreases, the peak gradually
shifts towards lower values of x. A similar trend is observed
for the charm-quark distributions. The top sea-quark PDFs,
shown in Fig. 14, are evaluated at Q> = 10° GeV? > m?,
where they are generated perturbatively through gluon
splitting, g — 7. Among all the mesons considered, the
kaon exhibits the largest top sea-quark distribution because
its larger gluon density after DGLAP evolution enhances
heavy-flavor production.

Overall, the PDFs of different mesons exhibit distinct
structural features that reflect their flavor compositions and
underlying nonperturbative dynamics. To examine the
dependence of our results on the choice of the initial
evolution scale, we also performed the QCD evolution
using a common initial scale for all mesons. Both the
qualitative behavior and the numerical predictions remain
largely unchanged, demonstrating that the observed
differences among the meson PDFs originate primarily

B @b @H-055034% ! ' ' ]
n» B[ @-0.0000*3:0889 1
B. (ch) [ @ -0.3308%3.315% 4
BC (sh)[  I@1-0.52613305) i
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D* (cd)} 1@ 0.2867%00335

K- Gop ®0.0481:45) .

!
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(x)q — (x)gq

FIG. 10. Difference between the average momentum fractions
carried by the valence quark and valence antiquark, (x), — (x);,
for different mesons at Q% = 10000 GeVZ2. The error bands
represent the uncertainty associated with varying the initial scale
Q. within the range considered in this work.
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FIG. 11. Difference between the average momentum fractions

carried by the valence quark and valence antiquark, (x), — (x);,
as a function of Q2. The error bands represent the uncertainty
associated with varying the initial scale Q, within the range
considered in this work.

oo @ = om0 cevi |
: D5 (cS)
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FIG. 12. Charm-quark distribution, xc(x), as a function of the
longitudinal momentum fraction x at Q% = 10* GeV? for the
D*(cd), DY (c5), n.(cc), and B (cb) mesons. The error bands
represent the uncertainty associated with varying the initial scale
Q, within the range considered in this work.

from their intrinsic nonperturbative structures rather than
from the choice of the initial evolution scale.

IV. CONCLUSION

In this work, we have investigated the PDFs of pseu-
doscalar mesons at the model scale and after QCD
evolution to higher energy scales. The quark and antiquark
PDFs at the initial scale were calculated within the LCQM
using the Brodsky-Huang-Lepage momentum-space wave
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FIG. 13. Bottom-quark distribution, xb(x), as a function of the
longitudinal momentum fraction x at Q*> = 10* GeV? for the
B (ub), BY(sb), Bf (cb), and 5, (bb) mesons. The error bands
represent the uncertainty associated with varying the initial scale
Qo within the range considered in this work.
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FIG. 14. Top sea-quark distributions, x#(x), for different mes-
ons at Q> = 10° GeV?. The error bands represent the uncertainty
associated with varying the initial scale Q, within the range
considered in this work.

functions. By solving the quark-quark correlation func-
tions, we obtained explicit expressions for the valence
PDFs. The PDFs were subsequently evolved to higher
momentum scales using the NLO DGLAP evolution
equations implemented through the HOPPET toolkit.
The calculated PDFs satisfy the required quark-number
and momentum sum rules.

A systematic study of the kaon, D-mesons, B-mesons,
and heavy quarkonia demonstrates that the constituent
mass plays the dominant role in determining the longi-
tudinal momentum distributions. Heavy constituents con-
sistently carry a larger fraction of the meson momentum
than light constituents, and this hierarchy is preserved

under NLO DGLAP evolution. Although QCD evolu-
tion dynamically generates gluon and sea-quark distri-
butions, the qualitative mass dependence established at
the model scale remains unchanged over the entire
evolution range.

The PDFs corresponding to heavier constituent quarks
are found to peak in the large-x region, whereas those of
lighter constituents are broader and shifted towards smaller
values of x. Mesons composed of equal-mass constituents
exhibit symmetric PDFs about x = 0.5, while asymmetric
systems display a pronounced momentum asymmetry
between the quark and antiquark. Heavy mesons generate
considerably smaller gluon and sea-quark distributions than
the kaon because of their larger initial scales and shorter
evolution lengths.

The evolved Mellin moments further demonstrate that
the valence sector remains dominant in heavy mesons
even at high energy scales, whereas the gluon and sea-
quark momentum fractions become increasingly important
for the kaon. The quark-antiquark momentum asymmetry
is found to be strongly correlated with the constituent-
mass difference and decreases only gradually with
increasing Q2.

For the kaon, we have presented predictions for the NLO
structure function relevant to future Electron-Ion Collider
measurements through tagged deep-inelastic scattering,
together with NLO fixed-target Drell-Yan cross sections
for K*- and K~ induced reactions on carbon, aluminum,
and tungsten targets relevant to the COMPASS + +/
AMBER experiment at CERN. The predicted integrated
cross-section ratio, o(K")/o(K~) =0.28 £0.012, pro-
vides a quantitative benchmark for future experimental
measurements. The calculated Mellin moments are found
to be consistent with existing theoretical models and lattice
QCD calculations.

Finally, although direct experimental information on
heavy-meson PDFs remains limited, the present predic-
tions provide a comprehensive theoretical benchmark for
future phenomenological studies, lattice QCD calculations,
and possible experimental investigations of heavy-meson
structure.
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