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We investigate the internal structure of a comprehensive set of pseudoscalar and vector mesons, including both
flavor-symmetric and flavor-asymmetric systems, by reconstructing their charge distributions from electromag-
netic form factors. To achieve this, we employ a Maximum Entropy Method optimized for charge distributions,
utilizing previously published form factor data obtained within the Dyson-Schwingers and Bethe-Salpeter equa-
tions framework. Furthermore, we calculate the average distance between the valence quark and antiquark that
constitute the meson, interpreting it as an estimate for both the meson’s spatial size and the typical range of

quark motion. Our results reveal that this distance for the lightest quarkonia is approximately five times larger
than that for the heaviest. Moreover, due to spin effects, vector mesons exhibit sizes that are 5-15 % larger than

their pseudoscalar counterparts.

1. Introduction

The study of hadron properties remains a central topic in particle
physics. Among these properties, the charge distribution (namely, the
spatial distribution of electric charge within a hadron) offers critical
insight into the internal structure of strongly interacting particles and
has attracted significant attention [1-8]. In particular, the spatial dis-
tribution of positive (or negative) charge can be directly linked to the
static arrangement of valence (anti)quarks, providing valuable insight
into Quantum Chromodynamics (QCD) bound states as probed by elec-
tromagnetic interactions.

Among hadrons, flavor-asymmetric mesons comprising one heavy
and one light quark are especially important. These systems uniquely in-
corporate both relativistic and non-relativistic dynamics, owing to the
large mass disparity between the constituent quarks. This asymmetry
gives rise to distinctive structural and dynamical properties, making
such mesons ideal laboratories for investigating strong interactions and
the quark confinement mechanism [9-11]. Analyzing their charge dis-
tributions would enable us to understand the long- and short-distance
behavior of the color force.

The charge distribution is traditionally derived from the electro-
magnetic form factor via a three-dimensional (3D) Fourier transform
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[12-14]. However, this method has been recently questioned. Several
studies suggest that a two-dimensional (2D) Fourier transform, or even
more advanced frameworks, may be more suitable for relativistic sys-
tems [1-4,15-17]. Regardless of the dimensionality, such transforms
require complete data in the space-like region of the form factor. In
practice, this data is limited, making the reconstruction of a charge dis-
tribution —usually a mathematically ill-posed problem- a considerable
numerical challenge. In Ref. [8], we developed a computational frame-
work based on the Maximum Entropy Method (MEM) to address this
issue and successfully applied it to light mesons and quarkonia.

A suitable and systematically improvable theoretical framework for
calculating electromagnetic form factors of hadrons is provided by
the coupled formalism of Dyson-Schwinger and Bethe-Salpeter equa-
tions (DSEs/BSEs) of QCD. This non-perturbative, Poincaré-covariant
approach enables the simultaneous treatment of confinement and dy-
namical chiral symmetry breaking, while smoothly recovering the
perturbative regime in the weak-coupling limit. It has been successfully
applied to the study of hadron properties for over three decades [18-33].

In contrast to quarkonium systems, open-flavor mesons pose addi-
tional challenges due to flavor asymmetry, most notably in the formula-
tion of physically meaningful and mathematically consistent interaction
kernels. Several approaches have been developed to address this issue,
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each employing different interaction kernels [33-42]. Among them, par-
ticularly promising is the framework put forward in Refs. [40,41], in
which all Ward-Green-Takahashi identities (WGTIs) are rigorously pre-
served. However, a major limitation arises from the analytic structure of
quark propagators in the complex plane, which restricts calculations to
a finite, low-momentum transfer region [43-46]. Consequently, electro-
magnetic form factor across the full kinematic domain is inaccessible.
This makes the use of reconstruction techniques, such as MEM, essential
for obtaining physically meaningful charge distributions from incom-
plete data.

Electromagnetic form factors for a comprehensive set of vector
and pseudoscalar mesons, including both flavor-symmetric and flavor-
asymmetric systems, have been computed within the DSEs/BSEs frame-
work using an effective interaction kernel in which the axial-vector
WGTIs are approximately preserved [32,47,48]. In the present work, we
build upon these results to extend the implementation of MEM, which
was previously applied to, basically, flavor-symmetric mesons [8], to
reconstruct the charge distributions of all ground-state vector and pseu-
doscalar mesons. In addition to presenting the reconstructed charge dis-
tributions, we analyze the static spatial distribution of valence quarks.
We report results both in 3D and 2D transverse space to ensure the ro-
bustness of the entailed implications.

2. Reconstructing charge distribution from electromagnetic form
factors

It is well known that three- and two-dimensional charge distributions
can be derived from the electric form factors using the corresponding
Fourier transformation [12-14]

F(Q*) =4z / dr jo(Qrr*p*P(r) (1a)
0

=2z / db Jo(Qb)bp™ (b), (1b)
0

where F(Q?) stands for the electric form factor for a given meson, j, (J,)
for the zeroth spherical (standard first-kind) Bessel function, and p°°(r)
or p*P(b) denote the charge distribution resulting from the usual 3D or
the transverse 2D non-relativistic approach. As discussed in the intro-
duction, some controversy [2,6,16,31] has recently arisen regarding the
interpretation and reliability of non-relativistic objects as 3D or trans-
verse 2D densities, the latter being defined for the charge as [4,15,49].
In the vector case, we use F(Q?) =G E(Qz) and ignore corrections stem-
ming from projecting form factors defined in 3D to 2D [3]. An exact
relation between charge distribution and form factor remains under in-
vestigation [16,50].

If the form factor data are known across the entire space-like region,
the charge distributions can be derived by inverting the Fourier trans-
form (FT) in Eqgs. (1a) and (1b). However, accessing the large momen-
tum domain remains usually challenging and only the low momentum
region of F(Q?) can be exploited. Alternatively, one might rely on dis-
persion relations to map the time-like data on the form factor onto the
space-like domain, although this approach is sensitive to subtleties in
the asymptotic behavior of the form factor [51]. Therefore, a procedure
other than the pure FT inversion needs to be implemented to deal with
truncated data for the form factors in order to extract charge distribu-
tions.

In Ref. [8], we addressed this problem further, suggesting a method
which was then thoroughly discussed and illustrated through the explicit
calculation of charge distributions of mostly flavor-symmetric pseu-
doscalar and vector mesons. The main idea is that both Eqs. (1a) and
(1b) can be seen as particular cases of

F(Q») = /0 d7 K(Q,Pp(F) @)

where K(Q, 7) is the kernel of integration, either 4z j(QF) or 27 J(QF),
with 7 = r or b, respectively, for 3D and 2D. The determination of the
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charge profile p(7), when F(Q?) is only partially known, might be con-
sidered a mathematically ill-posed problem. However, driven by recent
progress in computational power, a wide variety of modern numerical
methods have been developed to take up this challenging task. Among
these methods, the MEM has recently been applied successfully to anal-
ogous problems in hadron physics [29,52-57].

Following MEM approach, p(7) is reconstructed by maximizing the
following functional

Qlp] = aS[p] — Lp], 3
where L[p] is the likelihood function

oo 2

1 - s

Lipl =)} 3 [F(Q,?) - / dF K(Q;. r)p(r)] . 4
i i 0

which corresponds to standard y2-fitting, where o; denotes the error in

the i-th data point, « is the regularization parameter and .S[p] represents

the Shannon-Jaynes entropy:

o ~
siol= [ ar [pm — pol®) - p(Plog ( o0 )] ®)
0 po(F)

where p,(7) denotes a prior estimate for p(7). The impact on the charge
profile from the choice of the prior estimate has been studied at length
in Ref. [8]. It is inferred that the reliable profiles can be extracted from
considering the well known vector-meson-dominance (VMD) model. In
practical calculations, the integral Eqgs. (3-5) require to be discretized
into matrix equations and the Singular Value Decomposition is applied
for dimensional reduction. More technical details about MEM can be
found in Refs. [52,58,59].

In this work, as stated in the introduction, the results of Ref. [8]
are extended to all ground-state pseudoscalar and vector mesons, spe-
cially those exhibiting a strong flavor asymmetry. To achieve this, the
input data for Eq. (4) are taken from Ref. [47], where the electro-
magnetic form factors for the mesons, and their separate contribu-
tions from quark and antiquark were calculated within the DSEs/BSEs
framework in a momentum range restricted up to Q2 ~2 GeV?
(see Figs. 4 and 5 therein). In the standard MEM [52], the best a and p(7)
are determined in terms of probability as long as ¢? are properly known.
Such an evaluation of the uncertainties in the numerical computations
within the DSEs/BSEs framework is a challenging task. Alternatively, a
cross-validation method, widely adopted in machine learning, is applied
here [8]. First, the errors in the data for the form factors are assumed
to be all the same, o; = ¢ [56]. Then, basically, the ensemble of data is
divided into two sub-sets, namely a training one containing about 70 %
of data, and a testing one with the remaining 30 %. A value for @ = a/c?
and the corresponding distribution function p(7) are determined with
the trained sub-set, and the optimal @ is selected based on its predictive
performance on the testing sub-set. The same is repeated by consider-
ing many different ways of choosing training and testing sub-sets. The
final profile for the charge distribution is obtained by averaging all the
different outputs, and the statistical error is correspondingly estimated
through quadratic dispersion. The numerical results show that the total
uncertainties are dominated by the effect of the sensitivity to the prior
estimates, assessed by rescaling the VMD model by a factor 0.5 to 2. An
error band is then defined by merging the statistical errors with these
systematic effects.

3. Numerical outputs

Following the procedure outlined in the previous section, the overall
charge distribution for an fg meson can be written as

PP =0 P + 0% 05 (P). ©)
That is, it is the superposition of the charge density profiles, p?’gD ),

reconstructed from F” (Q?), contribution of quark and antiquark fla-
vor h = f, g to the meson’s total form factor [47,60]. An analogous ex-
pression can be written down for the transverse (2D) charge densities.
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Fig. 1. In flavor-asymmetric mesons, the static spatial distribution of valence (anti)quarks (see, Eq. (6)) and corresponding cumulative distribution function (see,
Eq. (7)). Solid lines: pseudoscalar mesons; dashed lines: vector mesons.

20 30
By W o5 B ouc ® oub LI RO LR NN W
u quark s quark b quark
Ts
&
= w0
3
=
£ s
25 15 20 <
15 20 o 0 05
r [fm] 7 [fm]
30
B W53 E s W osh Wi 5 EcEch H b W p5 E b W bh
25 s quark ¢ quark b quark
T: P T:
£ s £ £
o) a )
E Bk 3L
= = =<
E E E
< 15 20 < -+
20
30 T 20
LI S X Wi B o5 B e W ch W b W b5 ® b W b
u quark s quark 6 ¢ quark b quark
s T
g g
=, E=5
— af =
= =
8. 3 Se
Tl B
£ ®
15 20 25 0 15 20 & 02 04 06 08 10] =
1
20 15 20 00 02 04 06 [ 10
b [fm] b [fm] b [fm] b [fm]
20 ™ ™ ™ ™ 30 ™ ™ ™ ™ ™ ™ ™ 20 ™ ™ ™ ™
LR R ) sy W s5 W s W osh Wocq W5 WM ch i Wby W b5 W b W bb
u quark s quark ¢ quark b quark
T 1= s
g 1 g e ] =
& " £ r &
= = Ry E=)
= — 77 =
2 10 ]l = S
q ) <)
< < S
T os T T s
B 15 20 257 & 15 20 02 04 06 08 10 N
00 0
0. 05 10 15 20 25 15 20 06 08 o 0.

Fig. 2. The static spatial distribution of quarks with the same flavors in different heavy-light mesons, and corresponding cumulative distribution function. Solid
lines: pseudoscalar mesons; dashed lines: vector mesons; black dotted lines: VMD. The first and second rows are the 3D case, and the third and fourth rows are the
2D case.



Y.-Z. Xu, A. Bashir, K. Raya et al.

Physics Letters B 869 (2025) 139864

o et + ot -t ——— 0 0 — R 0 S
ks K D D B K D B B, K D B B
Y — charged charged 5 neutral 5 neutral
4 03 03 T 03 T 03 pr
g = \
02 0z2f g 02 g i 02} bd
= = 4
: 01 01 =3 01 = *h oy
- - ¥ \
S 1
2 00 00 s e 00 S o 00BN ]
A 0.1 0.1 o 0.1 o H R H s
E o t f v /
-02 [ -02 [ -02
00 05 10 15 20 25 - 00 05 10 15 20 25 A \ 00 05
— 0 of-"
1 1
05 0 15 20 0 15 20 25 00 05 0 15 20 25 00 05 0 15 20 25
7 [fm] 7 [fm] r [fm] r [fm]
6 6
D Bt D B — K0 Do B — B, R Do B -
charged charged 5 neutral 5 neutral
03 03 =y 03 03
02 02 g 02 02f 0
= 3 1
01 01 B 01 01 \
00 { 00 g 00 o0fii rgww————
S N
01 01 N 01 01 7
= /
-02 . -02 . & -02 . -02 .
00 05 10 15 20 25 . 00 05 10 15 20 25 c 00 05 10 15 20 25 00 05 10 15 20 25
0 — 0
o n n o n n n o L n n n o i n n

10
b [fm]

10
b [fm]

05 0

b [fm]

15
b [fm]

Fig. 3. The charge distribution of pseudoscalar/vector flavor-asymmetric mesons. The first row stands for 3D and the second for 2D.

Table 1

The charge radii of pseudoscalar/vector flavor-asymmetric
mesons, obtained from (Egs. (8) and (9)), are presented,
with the corresponding charge distributions illustrated in
Fig. 3. The units are fm.

Eq. (8 Eq. (9) Eq. (8) Eq. (9)

3D

7 0.646 0.646(1) p 0.722 0.722(1)
K 0.608 0.608(1) K**  0.679 0.679(1)
D*  0.435 0.435(1) D*  0.473 0.473(1)
B*  0.619 0.620(1) B*  0.657 0.656(1)
D,  0.352 0.352(1) D! 0.381 0.381(1)
B, 0.219 0.219(1) B 0.231 0.231(1)
K°  0.253i 0.253(1)i  K*  0.274i 0.274(1)i
D’  0.556i 0.555(1)i  D**  0.604i 0.604(1)i
B 0.435i 0.436(1)i  B*  0.462i 0.463(1)i
B, 0.337i 0.337(1)i B! 0.347i 0.347(1)i
2D

z 0.527 0.527(1) p 0.590 0.590(1)
K 0.496 0.497(1) K**  0.554 0.554(1)
D*  0.355 0.355(1) D**  0.386 0.387(1)
B+  0.505 0.507(1) B*  0.536 0.537(1)
D,  0.287 0.288(1) D! 0.311 0.311(1)
B, 0.179 0.179(1) B! 0.189 0.188(1)
K°  0.207i 0.207(1)i  K*  0.224i 0.224(1)i
D°  0.454i 0.454(1)i  D**  0.493i 0.493(1)i
B’ 0.355i 0.356(1)i  B* 0.377i 0.378(1)i
B, 0.275i 0.275(1)i  B* 0.283i 0.284(1)i

h,3D
P
rez
valence (anti)quarks under electromagnetic probe, which is positive def-
inite! and allows for the definition of the following cumulative distri-

bution functions

r/
C?:;D (r’) =/dr 4ﬂr2p?'§D(r), ch
0

18

b/
(v') =/ db2xbpy 2 (B);
0

(F) can be then interpreted as the static spatial distribution of the

)

where C?;D (00) = C?;D(oo) = 1 owing to the normalization of the spatial

distributions.

We then apply the MEM reconstruction to extract p';g (F) from F;’E(Qz)

for the flavor symmetric and asymmetric, pseudoscalar and vector
mesons, considering a VMD model with the mass of the vector hh me-
son [8]. We thus aim at providing a comprehensive illustration for both
charge density and accumulation across space. This is illustrated in
Fig. 1, which shows the static spatial distribution of valence (anti)quarks

1 It should be noted that the reconstruction method outlined in Section 2 is
only applicable to extract positive definite distributions.

in flavor-asymmetric mesons, along with the corresponding cumulative
distribution. The examination of results shows heavier quarks more con-
centrated in space than lighter ones. Indeed, for the fg system, as the
mass of the f quark increases, the spatial distribution of the f quark
contracts significantly, while the distribution of the g quark expands
slightly. These patterns are consistent with the expectations from studies
based on generalized parton distributions, e.g [61,62]. In extreme cases,
such as the B meson, the b quark is confined to a radius of 0.2 fm, while
that of the u/d quark exceeds 1 fm. This is specially illustrated by Fig. 2,
where results for the flavor-symmetric mesons and VMD model (prior)
are also shown for comparison. In addition, the comparison of distri-
butions for vector and pseudoscalar mesons exposes the impact of spin
arrangement: spin-aligned systems (vectors) exhibit quark charge den-
sities with more support at slightly larger distances than those for spin-
anti-aligned ones (pseudoscalars), suggesting a larger quark-antiquark
separation in the former case. This impact tends anyhow to decrease
when quarks become heavier.

Interestingly, an immediate consequence of Eqs. (1a) and (1b) is
that the 3D and transverse 2D charge radii can be defined both at zero-
momentum from the form factor,

2 d 2 2 d 2
(P) == (@)| . (#) =42 r(0)
or from a quadratic distance averaged with the full-domain charge dis-
tribution,

(r*Yy=4z / drr?p®®(r), (b*) =2x / dbb*p* (b).
0 0

As far as F(Q?) and p°P(r) or p?P(b) are related by either Eq. (1a) or (1b),
the two definitions are mathematically equivalent if the density profiles
decrease fast enough at large distances (see, e.g., Ref. [8]). Table 1 col-
lects the charge radii for pseudoscalar and vector mesons from both
(Egs. (8) and (9)), and shows that the outputs from one or another are
strongly consistent, as a validation crosscheck of the reconstructions for
all the mesons. For charged mesons, it is evident that the charge radius
of vector mesons is larger than that of pseudoscalar mesons. However,
for neutral mesons, the positive slope of the form factor leads to an imag-
inary charge radius, as an indication of a non-trivial charge distribution
which will be further elaborated.

Then, combining the quark and antiquark densities displayed in
Fig. 1 according to Eq. (6), meson’s charge distributions are calculated
and shown in Fig. 3. For charged mesons, the constructive superposition
of positive densities generates shapes which considerably differ when
the flavor asymmetry increases. For example, while K meson’s charge
distribution is smooth and flat, that of B meson exhibits a sharp peak
supplemented by a broad tail, although their radii are nearly the same:

\ /(r?c_) =0.608 fm, (ré+) = 0.619 fm (see Table 1). In the neutral case,

(8

02=0

©)
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Fig. 4. The probability density for the distance between quarks and antiquarks in mesons, P,,(A), expressed by Eq. (11).
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Fig. 5. The average distance (A ;) between quarks and antiquarks in mesons,
defined according to Eq. (12). More details can be found in Table 2.

the destructive interference results always in the same qualitative pic-
ture: a core formed primarily by the charge of the heavy quark, sur-
rounded by a cloud of charge largely of the light quark. Furthermore,
the charge distribution steepens with increasing flavor asymmetry, and
the neutral radius 7 (or 5° in 2D), defined as the position where the
charge distribution crosses zero, satisfies the following ordering:

0

20 20 0
80 2 TBy oo >

0 ~ =0
> o ZrB:.

P >y > 7 o (10)
And again, as a consequence of spin arrangement effects, vector’s neu-
tral radii are slightly larger than those of the pseudoscalar case, with a
difference which gradually disappears for increasing meson mass.

An alternative quantity related to meson’s spatial extension is the
probability density of the distance between the quark and the antiquark

forming the meson, expressed as

Pra(d) = / drpdiry 58— vy =T Dpl (m )05 (rp), an
(or, analogously, in transverse 2D) and normalized to 1 over the full
range of positive A. Correspondingly, one can define

[~
(Asg) =/0 dA AP (D). 12
as the averaged distance for the quark-antiquark pair, which is an ex-
pression of the meson size, remaining always positive definite and ex-
posing better the effects of the spin arrangement. This probability den-
sity for all flavor-asymmetric compared to the flavor-symmetric mesons

is numerically evaluated? and displayed in Fig. 4, while the averaged
quark-antiquark distance is collected in Table 2 and displayed in Fig. 5.
For all mesons, the probability density presents a peak which, in ¢4,
bq and cq systems (g = u, 5, ¢, b), shifts gradually towards low distances
as the current-quark mass m, increases, while the width shrinks. The
effect is negligible when only light quarks (x and s) are involved. The
table shows that, in the flavor-symmetric case, (A,;) gradually decreases
as the current-quark mass m, increases, with (A,;)/(A;) ~ 5, while
my, =~ 1000 m,,. Furthermore, the following hierarchies can be seen to ap-
pear

(Ag)>(Ap ) >(Ap)>(A, ), (Ap:) > (Ap:) > (Ape) > (Ay), (13a)
(Ap) > (Ap) > () > (Ag ). (Ape) > (Aps) > (Ayy,) > (Ag). (13b)

While, when comparing mesons containing the same flavor structure,
one is left with: (Ayc) > (Apg), confirming the spin effect. This latter,
can be quantified by defining

A= ((Ayc) — (Aps))/{Aps),

which is determined to be roughly 15 % for light mesons and, respec-
tively, 10% and 5% when quarks ¢ and b are involved. This confirms
that the spin effect gradually weakens when the quark masses increase
and the meson approaches the non-relativistic limit. On the other hand,
the transverse 2D inter-distances obey the same qualitative pattern but
become reduced by a factor of 1.273(1).

Strikingly, the very same trend shown by Eq. (13) and main qual-
itative features related to average distances have been also recently
reported from studies based on constituent quark models (CQM) [63]
and the radii inferred from the contact interaction model [64,65]
(see Table 2 and Fig. 5). Particularly, in the heavy quarkonia sector,
quantitative agreement can be also claimed, while discrepancies when
light quarks are involved can be attributed to the potential model ap-
proach of CQM.

Finally, aiming at a pictorial representation for the charge structure
of the mesons, Fig. 6 has been produced. There, we generate 20000 sam-
ple points for each quark location, with random angular distribution
and a radial density given by the obtained 3D quark distributions, and
display them in 3D spherical plots. Clearly, a B meson exhibits a dense
core enveloped by a cloud of light quarks, and the latter collapses into
the former as flavor asymmetry is reduced. It is also apparent that the
size of cores and clouds diminishes with increasing quark masses. We
have explicitly shown the pseudoscalar case only. However, the picture

14

2 It is well known that numerical integrals with a §-function are often chal-
lenging. However, the 5-function in Eq. (12) can be removed when integrating
out one of the radii by performing a coordinate transformation
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Fig. 6. Under electromagnetic probe, the 3D spatial static distribution of valence (anti)quark in pseudoscalar mesons, which are constructed based on 2 x 20000

sample points. The circles at the bottom denote the corresponding charge radius.

Table 2

The average distance (A ;) between quarks and antiquarks
in pseudoscalar and vector mesons. For the sake of com-
parison, one can refer to results from CQM [63] for
3D inter-distances: D(D*)=0.50,0.53; D (D)=0.43,0.47;
1.(J /w)=0.31,0.35; B(B*)=0.50,0.51; B (B;)=0.42,0.44;
B,(B?)=0.26,0.29; 1,(Y)=0.17,0.19. The units are fm. An
intuitive comparison is illustrated in Fig. 5.

(A) (A)3P (A)2P (A)P

T 0.621(2) 0.791(2) P 0.712(1) 0.907(1)
K 0.560(2) 0.713(3) K* 0.642(1) 0.817(1)
N 0.493(1) 0.628(1) ¢ 0.565(1) 0.720(1)
D 0.490(2) 0.624(2) D* 0.540(1) 0.687(1)
D, 0.394(1) 0.503(1) D 0.433(1) 0.552(1)
7, 0.217(1) 0.277(1) J/y 0.238(1) 0.303(1)
B 0.514(1) 0.654(1) B* 0.544(1) 0.693(1)
B, 0.407(1) 0.518(1) B! 0.422(1) 0.537(1)
B, 0.192(1) 0.245(1) B 0.205(1) 0.261(1)
N 0.117(1) 0.149(1) Y 0.125(1) 0.159(1)

for vector mesons remains unchanged as expected from the density pro-
files shown in Figs. 1 and 2, only with slightly larger sizes for clouds
and cores of lighter quarks.

4. Summary and discussions

We have capitalized on available results for the electromagnetic form
factors of flavor-symmetric and -asymmetric, ground-state pseudoscalar
and vector mesons, which were obtained within the DSEs/BSEs frame-
work, to derive their charge distributions and identify the individual
contributions from different quark flavors. One of our primary aims is to
illustrate the reliability of the previously proposed and optimized Maxi-
mum Entropy Method for reconstructing these distributions. The result-
ing charge distributions can thus provide a physically intuitive picture
of strongly interacting bound states.

The analysis has been carried out in both 3D and transverse 2D
cases. While both display broadly similar qualitative distribution shapes
and overall structures, the 2D transverse distributions are quantitatively
more compact. Specifically, independent quark distributions exhibit a
characteristic profile featuring a pronounced central peak and a broad
tail. When these features are combined into the complete meson distri-

bution, the picture that emerges is one of a heavy-quark charge core
surrounded by a lighter-quark charge cloud. As the flavor asymmetry
begins to decrease, the core-cloud structure becomes less conspicuous.
These two regions gradually merge and the overall charge distribution
becomes flatter.

In addition, we propose the average distance between the quark and
the antiquark forming the pair as an insightful scale characterizing the
size of mesons and the typical range of quark motion within them. A
clear hierarchy is observed: for quarkonia, the heavier the quark, the
more compressed the meson (e.g., the average distance between the va-
lence quark and antiquark in the uiz system is approximately five times
larger than in the bb system). In flavor-asymmetric mesons, the aver-
age distance increases with growing asymmetry. A comparison between
pseudoscalar and vector mesons of the same flavor composition reveals
a noticeable spin effect: vector mesons exhibit distances that are 5-15 %
larger than their pseudoscalar counterparts. This spin effect diminishes
with increasing quark masses, consistent with a transition from relativis-
tic to non-relativistic regimes. Notably, this pattern aligns with findings
from earlier studies based on constituent quark models.

The same reconstruction procedure herein used can be explored in
the future to unveil structural properties under electromagnetic probe
of other hadron states, including multiquark systems.

Data availability

This manuscript has no associated data or the data will not be de-
posited. [Authors’ comment: All information necessary to reproduce the
results described herein is contained in the material presented above.]

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgment

This work has been partially funded by Ministerio Espaiol de Ciencia
e Innovacién under grant Nos. PID2019-107844GB-C22 and PID2022-
140440NB-C22; Junta de Andalucia under contract Nos. Operativo
FEDER Andalucia 2014-2020 UHU-1264517, P18-FR-5057 and also


http://dx.doi.org/10.13039/501100011011

Y.-Z. Xu, A. Bashir, K. Raya et al.

PAIDI FQM-370. The authors acknowledge, too, the use of the computer
facilities of C3UPO at the Universidad Pablo de Olavide, de Sevilla.

References

[1]

[2]

[3]

[4]

[5]

(61

71

[8]

[91

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

G.A. Miller, Charge density of the neutron, Phys. Rev. Lett. 99 (2007) 112001. arXiv
preprint arXiv:0705.2409, https://doi.org/10.1103/PhysRevLett.99.112001

E. Epelbaum, J. Gegelia, N. Lange, U.-G. Mei3ner, M.V. Polyakov, Definition of local
spatial densities in hadrons, Phys. Rev. Lett. 129 (1) (2022) 012001. arXiv preprint
arXiv:2201.02565, https://doi.org/10.1103/PhysRevLett.129.012001

J.-Y. Kim, Electromagnetic multipole structure of a spin-one particle: abel tomog-
raphy case, Phys. Rev. D 106 (1) (2022) 014022. arXiv preprint arXiv:2204.08248,
https://doi.org/10.1103/PhysRevD.106.014022

G.A. Miller, M. Strikman, C. Weiss, Pion transverse charge density from timelike
form factor data, Phys. Rev. D 83 (2011) 013006. arXiv preprint arXiv:1011.1472,
https://doi.org/10.1103/PhysRevD.83.013006

C. Lorcé, Charge distributions of moving nucleons, Phys. Rev. Lett. 125 (23) (2020)
232002. arXiv preprint arXiv:2007.05318, https://doi.org/10.1103/PhysRevLett.
125.232002

A. Freese, G.A. Miller, Unified formalism for electromagnetic and gravita-
tional probes: densities, Phys. Rev. D 105 (1) (2022) 014003. arXiv preprint
arXiv:2108.03301, https://doi.org/10.1103/PhysRevD.105.014003

Y. Chen, C. Lorcé, Pion and nucleon relativistic electromagnetic four-current distri-
butions, Phys. Rev. D 106 (11) (2022) 116024. arXiv preprint arXiv:2210.02908,
https://doi.org/10.1103/PhysRevD.106.116024

Y.-Z. Xu, K. Raya, J. Rodriguez-Quintero, J. Segovia, Charge distributions of pseu-
doscalar and vector mesons from Dyson-Schwinger equations, Phys. Rev. D 110
(5) (2024) 054031. arXiv preprint arXiv:2406.13306, https://doi.org/10.1103/
PhysRevD.110.054031

R. Aaij, et al., LHCb, Analysis of neutral B-meson decays into two muons, Phys. Rev.
Lett. 128 (4) (2022) 041801. arXiv preprint arXiv:2108.09284, https://doi.org/10.
1103/PhysRevLett.128.041801

J.P. Lees, et al., BaBar, Search for an axionlike particle in B meson decays, Phys.
Rev. Lett. 128 (13) (2022) 131802. arXiv preprint arXiv:2111.01800, https://doi.
org/10.1103/PhysRevLett.128.131802

R.M. Moita, J.P. B.C. de Melo, K. Tsushima, T. Frederico, Exploring the flavor content
of light and heavy-light pseudoscalars, Phys. Rev. D 104 (9) (2021) 096020. arXiv
preprint arXiv:2104.02787, https://doi.org/10.1103/PhysRevD.104.096020

R. Hofstadter, F. Bumiller, M.R. Yearian, Electromagnetic structure of the pro-
ton and neutron, Rev. Mod. Phys. 30 (1958) 482-497. https://doi.org/10.1103/
RevModPhys.30.482

F.J. Ernst, R.G. Sachs, K.C. Wali, Electromagnetic form factors of the nucleon, Phys.
Rev. 119 (1960) 1105-1114. https://doi.org/10.1103/PhysRev.119.1105

R.G. Sachs, High-energy behavior of nucleon electromagnetic form factors, Phys.
Rev. 126 (1962) 2256-2260. https://doi.org/10.1103/PhysRev.126.2256

G.A. Miller, Defining the proton radius: a unified treatment, Phys. Rev. C 99
(3) (2019) 035202. arXiv preprint arXiv:1812.02714, https://doi.org/10.1103/
PhysRevC.99.035202

R.L. Jaffe, Ambiguities in the definition of local spatial densities in light hadrons,
Phys. Rev. D 103 (1) (2021) 016017. arXiv preprint arXiv:2010.15887, https://doi.
0rg/10.1103/PhysRevD.103.016017

A. Freese, G.A. Miller, Synchronization effects on rest frame energy and momen-
tum densities in the proton, Phys. Rev. D 108 (9) (2023) 094026. arXiv preprint
arXiv:2307.11165, https://doi.org/10.1103/PhysRevD.108.094026

C.D. Roberts, A.G. Williams, Dyson-Schwinger equations and their application
to hadronic physics, Prog. Part. Nucl. Phys. 33 (1994) 477-575. arXiv preprint
arXiv:hep-ph/9403224, https://doi.org/10.1016/0146-6410(94)90049-3

G. Eichmann, H. Sanchis-Alepuz, R. Williams, R. Alkofer, C.S. Fischer, Baryons as
relativistic three-quark bound states, Prog. Part. Nucl. Phys. 91 (2016) 1-100. arXiv
preprint arXiv:1606.09602, https://doi.org/10.1016/j.ppnp.2016.07.001

K. Raya, A. Bashir, D. Binosi, C.D. Roberts, J. Rodriguez-Quintero, Pseudoscalar
mesons and emergent mass, Few Body Syst. 65 (2) (2024) 60. arXiv preprint
arXiv:2403.00629, https://doi.org/10.1007/s00601-024-01924-2

P. Maris, P.C. Tandy, Bethe-Salpeter study of vector meson masses and decay
constants, Phys. Rev. C 60 (1999) 055214. arXiv preprint arXiv:nucl-th/9905056,
https://doi.org/10.1103/PhysRevC.60.055214

P. Maris, C.D. Roberts, Pi- and k meson Bethe-Salpeter amplitudes, Phys. Rev. C
56 (1997) 3369-3383. arXiv preprint arXiv:nucl-th/9708029, https://doi.org/10.
1103/PhysRevC.56.3369

S.-x. Qin, L. Chang, Y.-x. Liu, C.D. Roberts, D.J. Wilson, Interaction model for the gap
equation, Phys. Rev. C 84 (2011) 042202. arXiv preprint arXiv:1108.0603, https:
//doi.org/10.1103/PhysRevC.84.042202

J. Rodriguez-Quintero, On the massive gluon propagator, the PT-BFM scheme
and the low-momentum behaviour of decoupling and scaling DSE solutions,
JHEP 01 (2011) 105. arXiv preprint arXiv:1005.4598, https://doi.org/10.1007/
JHEP01(2011)105

S.-x. Qin, L. Chang, Y.-x. Liu, C.D. Roberts, D.J. Wilson, Investigation of rainbow-
ladder truncation for excited and exotic mesons, Phys. Rev. C 85 (2012) 035202.
arXiv preprint arXiv:1109.3459, https://doi.org/10.1103/PhysRevC.85.035202
Y.-Z. Xu, D. Binosi, Z.-F. Cui, B.-L. Li, C.D. Roberts, S.-S. Xu, H.S. Zong, Elastic elec-
tromagnetic form factors of vector mesons, Phys. Rev. D 100 (11) (2019) 114038.
arXiv preprint arXiv:1911.05199, https://doi.org/10.1103/PhysRevD.100.114038
Y.-Z. Xu, C. Shi, X.-T. He, H.-S. Zong, Chiral crossover transition from the dyson-
Schwinger equations in a sphere, Phys. Rev. D 102 (2020) 114011. arXiv preprint
arXiv:2009.12035, https://doi.org/10.1103/PhysRevD.102.114011

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Physics Letters B 869 (2025) 139864

P. Qin, S.-x. Qin, Y.-x. Liu, Heavy-light mesons beyond the ladder approximation,
Phys. Rev. D 101 (11) (2020) 114014. arXiv preprint arXiv:1912.05902, https://
doi.org/10.1103/PhysRevD.101.114014

Y.-Z. Xu, S.-X. Qin, H.-S. Zong, Chiral symmetry restoration and properties of gold-
stone bosons at finite temperature*, Chin. Phys. C 47 (3) (2023) 033107. arXiv
preprint arXiv:2106.13592, https://doi.org/10.1088/1674-1137/acaf26

Q. Li, C.-H. Chang, T. Wang, G.-L. Wang, Strong decays of Puf’ (4312)* toj/w(n.)p and

ﬁ*)Ar within the Bethe-Salpeter framework, JHEP 06 (2023) 189. arXiv preprint
arXiv:2301.02094, https://doi.org/10.1007/JHEP06(2023)189

Y.-Z. Xu, M. Ding, K. Raya, C.D. Roberts, J. Rodriguez-Quintero, S.M. Schmidt,
Pion and kaon electromagnetic and gravitational form factors, Eur. Phys. J. C 84
(2) (2024) 191. arXiv preprint arXiv:2311.14832, https://doi.org/10.1140/epjc/
510052-024-12518-x

Y.-Z. Xu, Distribution amplitudes of heavy-light pseudoscalar and vector mesons
from Dyson-Schwinger equations framework, Phys. Rev. D 111 (11) (2025) 114012.
arXiv preprint arXiv:2501.18085, https://doi.org/10.1103/399s-4jrq

R.C. da Silveira, F.E. Serna, B. El-Bennich, Strong two-meson decays of light and
charmed vector mesons, Phys. Rev. D 107 (3) (2023) 034021. arXiv preprint
arXiv:2211.16618, https://doi.org/10.1103/PhysRevD.107.034021

T. Hilger, M. Gémez-Rocha, A. Krassnigg, W. Lucha, Aspects of open-flavour mesons
in a comprehensive DSBSE study, Eur. Phys. J. A 53 (10) (2017) 213. arXiv preprint
arXiv:1702.06262, https://doi.org/10.1140/epja/i2017-12384-4

M. Chen, L. Chang, A pattern for the flavor dependent quark-antiquark interaction,
Chin. Phys. C 43 (11) (2019) 114103. arXiv preprint arXiv:1903.07808, https://doi.
0rg/10.1088/1674-1137/43/11/114103

F.E. Serna, R.C. da Silveira, J.J. Cobos-Martinez, B. El-Bennich, E. Rojas, Distribution
amplitudes of heavy mesons and quarkonia on the light front, Eur. Phys. J. C 80
(10) (2020) 955. arXiv preprint arXiv:2008.096199, https://doi.org/10.1140/epjc/
510052-020-08517-3

F.E. Serna, R.C. da Silveira, B. El-Bennich, D* and Ds* distribution amplitudes from
Bethe-Salpeter wave functions, Phys. Rev. D 106 (9) (2022) L091504. arXiv preprint
arXiv:2209.09278, https://doi.org/10.1103/PhysRevD.106.1.091504

F.E. Serna, B. El-Bennich, G.a. Krein, Parton distribution functions and trans-
verse momentum dependence of heavy mesons, Phys. Rev. D 110 (11) (2024)
114033. arXiv preprint arXiv:2409.01441, https://doi.org/10.1103/PhysRevD.110.
114033

Z.-N. Xu, Z.-Q. Yao, D. Binosi, M. Ding, C.D. Roberts, J. Rodriguez-Quintero, Distri-
bution functions of a radially excited pion (2025). arXiv preprint arXiv:2501.13243
S.-X. Qin, C.D. Roberts, Resolving the bethe-salpeter kernel, Chin. Phys. Lett.
38 (7) (2021) 071201. arXiv preprint arXiv:2009.13637, https://doi.org/10.1088/
0256-307X/38/7/071201

Z.-N. Xu, Z.-Q. Yao, S.-X. Qin, Z.-F. Cui, C.D. Roberts, Bethe—salpeter kernel and
properties of strange-quark mesons, Eur. Phys. J. A 59 (3) (2023) 39. arXiv preprint
arXiv:2208.13903, https://doi.org/10.1140/epja/s10050-023-00951-7

F. Gao, A.S. Miramontes, J. Papavassiliou, J.M. Pawlowski, Heavy-light
mesons from a flavour-dependent interaction, Phys. Lett. B 863 (2025)
139384. arXiv preprint arXiv:2411.19680, https://doi.org/10.1016/j.physletb.
2025.139384

H. Sanchis-Alepuz, R. Williams, Recent developments in bound-state calculations
using the Dyson-Schwinger and Bethe—Salpeter equations, Comput. Phys. Commun.
232 (2018) 1-21. arXiv preprint arXiv:1710.04903, https://doi.org/10.1016/j.cpc.
2018.05.020

A. Windisch, Analytic properties of the quark propagator from an effective in-
frared interaction model, Phys. Rev. C 95 (4) (2017) 045204. arXiv preprint
arXiv:1612.06002, https://doi.org/10.1103/PhysRevC.95.045204

M. Chen, M. Ding, L. Chang, C.D. Roberts, Mass-dependence of pseudoscalar me-
son elastic form factors, Phys. Rev. D 98 (9) (2018) 091505. arXiv preprint
arXiv:1808.09461, https://doi.org/10.1103/PhysRevD.98.091505

C.S. Fischer, P. Watson, W. Cassing, Probing unquenching effects in the gluon polar-
isation in light mesons, Phys. Rev. D 72 (2005) 094025. arXiv preprint arXiv:hep-
ph/0509213, https://doi.org/10.1103/PhysRevD.72.094025

Y.-Z. Xu, The electromagnetic form factors of heavy-light pseudo-scalar and vector
mesons, JHEP 07 (2024) 118. arXiv preprint arXiv:2402.06141, https://doi.org/10.
1007/JHEP07(2024)118

Y.-Z. Xu, K. Raya, The D* Dz and B* Bz couplings from Dyson-Schwinger equations
framework (2024). arXiv preprint arXiv:2411.12327

M. Burkardt, Impact parameter space interpretation for generalized parton dis-
tributions, Int. J. Mod. Phys. A 18 (2003) 173-208. arXiv preprint arXiv:hep-
ph/0207047, https://doi.org/10.1142/50217751X03012370

Y. Li, W.-b. Dong, Y.-l. Yin, Q. Wang, J.P. Vary, Minkowski’s lost legacy and
hadron electromagnetism, Phys. Lett. B 838 (2023) 137676. arXiv preprint
arXiv:2206.12903, https://doi.org/10.1016/j.physletb.2023.137676

E. Ruiz Arriola, P. Sanchez-Puertas, C. Weiss, Pion transverse charge density
from e+e— annihilation data and logarithmic dispersion relations, Phys. Lett. B
866 (2025) 139585. arXiv preprint arXiv:2503.10465, https://doi.org/10.1016/j.
physletb.2025.139585

M. Asakawa, T. Hatsuda, Y. Nakahara, Maximum entropy analysis of the spectral
functions in lattice QCD, Prog. Part. Nucl. Phys. 46 (2001) 459-508. arXiv preprint
arXiv:hep-lat/0011040, https://doi.org/10.1016/50146-6410(01)00150-8

D. Nickel, Extraction of spectral functions from Dyson-Schwinger studies via the
maximum entropy method, Anna. Phys. 322 (2007) 1949-1960. arXiv preprint
arXiv:hep-ph/0607224, https://doi.org/10.1016/j.a0p.2006.09.002

S.-x. Qin, D.H. Rischke, Charmonium spectral functions and transport proper-
ties of Quark-Gluon plasma, Phys. Lett. B 734 (2014) 157-161. arXiv preprint
arXiv:1403.3025, https://doi.org/10.1016/j.physletb.2014.05.060


http://arxiv.org/abs/arXiv:0705.2409
http://arxiv.org/abs/arXiv:0705.2409
https://doi.org/10.1103/PhysRevLett.99.112001
https://doi.org/10.1103/PhysRevLett.99.112001
http://arxiv.org/abs/arXiv:2201.02565
http://arxiv.org/abs/arXiv:2201.02565
https://doi.org/10.1103/PhysRevLett.129.012001
https://doi.org/10.1103/PhysRevLett.129.012001
http://arxiv.org/abs/arXiv:2204.08248
https://doi.org/10.1103/PhysRevD.106.014022
https://doi.org/10.1103/PhysRevD.106.014022
http://arxiv.org/abs/arXiv:1011.1472
https://doi.org/10.1103/PhysRevD.83.013006
https://doi.org/10.1103/PhysRevD.83.013006
http://arxiv.org/abs/arXiv:2007.05318
https://doi.org/10.1103/PhysRevLett.125.232002
https://doi.org/10.1103/PhysRevLett.125.232002
https://doi.org/10.1103/PhysRevLett.125.232002
https://doi.org/10.1103/PhysRevLett.125.232002
http://arxiv.org/abs/arXiv:2108.03301
http://arxiv.org/abs/arXiv:2108.03301
https://doi.org/10.1103/PhysRevD.105.014003
https://doi.org/10.1103/PhysRevD.105.014003
http://arxiv.org/abs/arXiv:2210.02908
https://doi.org/10.1103/PhysRevD.106.116024
https://doi.org/10.1103/PhysRevD.106.116024
http://arxiv.org/abs/arXiv:2406.13306
https://doi.org/10.1103/PhysRevD.110.054031
https://doi.org/10.1103/PhysRevD.110.054031
https://doi.org/10.1103/PhysRevD.110.054031
https://doi.org/10.1103/PhysRevD.110.054031
http://arxiv.org/abs/arXiv:2108.09284
https://doi.org/10.1103/PhysRevLett.128.041801
https://doi.org/10.1103/PhysRevLett.128.041801
https://doi.org/10.1103/PhysRevLett.128.041801
https://doi.org/10.1103/PhysRevLett.128.041801
http://arxiv.org/abs/arXiv:2111.01800
https://doi.org/10.1103/PhysRevLett.128.131802
https://doi.org/10.1103/PhysRevLett.128.131802
https://doi.org/10.1103/PhysRevLett.128.131802
https://doi.org/10.1103/PhysRevLett.128.131802
http://arxiv.org/abs/arXiv:2104.02787
http://arxiv.org/abs/arXiv:2104.02787
https://doi.org/10.1103/PhysRevD.104.096020
https://doi.org/10.1103/PhysRevD.104.096020
https://doi.org/10.1103/RevModPhys.30.482
https://doi.org/10.1103/RevModPhys.30.482
https://doi.org/10.1103/RevModPhys.30.482
https://doi.org/10.1103/RevModPhys.30.482
https://doi.org/10.1103/PhysRev.119.1105
https://doi.org/10.1103/PhysRev.119.1105
https://doi.org/10.1103/PhysRev.126.2256
https://doi.org/10.1103/PhysRev.126.2256
http://arxiv.org/abs/arXiv:1812.02714
https://doi.org/10.1103/PhysRevC.99.035202
https://doi.org/10.1103/PhysRevC.99.035202
https://doi.org/10.1103/PhysRevC.99.035202
https://doi.org/10.1103/PhysRevC.99.035202
http://arxiv.org/abs/arXiv:2010.15887
https://doi.org/10.1103/PhysRevD.103.016017
https://doi.org/10.1103/PhysRevD.103.016017
https://doi.org/10.1103/PhysRevD.103.016017
https://doi.org/10.1103/PhysRevD.103.016017
http://arxiv.org/abs/arXiv:2307.11165
http://arxiv.org/abs/arXiv:2307.11165
https://doi.org/10.1103/PhysRevD.108.094026
https://doi.org/10.1103/PhysRevD.108.094026
http://arxiv.org/abs/arXiv:hep-ph/9403224
http://arxiv.org/abs/arXiv:hep-ph/9403224
https://doi.org/10.1016/0146-6410(94)90049-3
https://doi.org/10.1016/0146-6410(94)90049-3
http://arxiv.org/abs/arXiv:1606.09602
http://arxiv.org/abs/arXiv:1606.09602
https://doi.org/10.1016/j.ppnp.2016.07.001
https://doi.org/10.1016/j.ppnp.2016.07.001
http://arxiv.org/abs/arXiv:2403.00629
http://arxiv.org/abs/arXiv:2403.00629
https://doi.org/10.1007/s00601-024-01924-2
https://doi.org/10.1007/s00601-024-01924-2
http://arxiv.org/abs/arXiv:nucl-th/9905056
https://doi.org/10.1103/PhysRevC.60.055214
https://doi.org/10.1103/PhysRevC.60.055214
http://arxiv.org/abs/arXiv:nucl-th/9708029
https://doi.org/10.1103/PhysRevC.56.3369
https://doi.org/10.1103/PhysRevC.56.3369
https://doi.org/10.1103/PhysRevC.56.3369
https://doi.org/10.1103/PhysRevC.56.3369
http://arxiv.org/abs/arXiv:1108.0603
https://doi.org/10.1103/PhysRevC.84.042202
https://doi.org/10.1103/PhysRevC.84.042202
https://doi.org/10.1103/PhysRevC.84.042202
https://doi.org/10.1103/PhysRevC.84.042202
http://arxiv.org/abs/arXiv:1005.4598
https://doi.org/10.1007/JHEP01(2011)105
https://doi.org/10.1007/JHEP01(2011)105
https://doi.org/10.1007/JHEP01(2011)105
https://doi.org/10.1007/JHEP01(2011)105
http://arxiv.org/abs/arXiv:1109.3459
https://doi.org/10.1103/PhysRevC.85.035202
https://doi.org/10.1103/PhysRevC.85.035202
http://arxiv.org/abs/arXiv:1911.05199
https://doi.org/10.1103/PhysRevD.100.114038
https://doi.org/10.1103/PhysRevD.100.114038
http://arxiv.org/abs/arXiv:2009.12035
http://arxiv.org/abs/arXiv:2009.12035
https://doi.org/10.1103/PhysRevD.102.114011
https://doi.org/10.1103/PhysRevD.102.114011
http://arxiv.org/abs/arXiv:1912.05902
https://doi.org/10.1103/PhysRevD.101.114014
https://doi.org/10.1103/PhysRevD.101.114014
https://doi.org/10.1103/PhysRevD.101.114014
https://doi.org/10.1103/PhysRevD.101.114014
http://arxiv.org/abs/arXiv:2106.13592
http://arxiv.org/abs/arXiv:2106.13592
https://doi.org/10.1088/1674-1137/acaf26
https://doi.org/10.1088/1674-1137/acaf26
http://arxiv.org/abs/arXiv:2301.02094
http://arxiv.org/abs/arXiv:2301.02094
https://doi.org/10.1007/JHEP06(2023)189
https://doi.org/10.1007/JHEP06(2023)189
http://arxiv.org/abs/arXiv:2311.14832
https://doi.org/10.1140/epjc/s10052-024-12518-x
https://doi.org/10.1140/epjc/s10052-024-12518-x
https://doi.org/10.1140/epjc/s10052-024-12518-x
https://doi.org/10.1140/epjc/s10052-024-12518-x
http://arxiv.org/abs/arXiv:2501.18085
https://doi.org/10.1103/399s-4jrq
https://doi.org/10.1103/399s-4jrq
http://arxiv.org/abs/arXiv:2211.16618
http://arxiv.org/abs/arXiv:2211.16618
https://doi.org/10.1103/PhysRevD.107.034021
https://doi.org/10.1103/PhysRevD.107.034021
http://arxiv.org/abs/arXiv:1702.06262
http://arxiv.org/abs/arXiv:1702.06262
https://doi.org/10.1140/epja/i2017-12384-4
https://doi.org/10.1140/epja/i2017-12384-4
http://arxiv.org/abs/arXiv:1903.07808
https://doi.org/10.1088/1674-1137/43/11/114103
https://doi.org/10.1088/1674-1137/43/11/114103
https://doi.org/10.1088/1674-1137/43/11/114103
https://doi.org/10.1088/1674-1137/43/11/114103
http://arxiv.org/abs/arXiv:2008.09619
https://doi.org/10.1140/epjc/s10052-020-08517-3
https://doi.org/10.1140/epjc/s10052-020-08517-3
https://doi.org/10.1140/epjc/s10052-020-08517-3
https://doi.org/10.1140/epjc/s10052-020-08517-3
http://arxiv.org/abs/arXiv:2209.09278
http://arxiv.org/abs/arXiv:2209.09278
https://doi.org/10.1103/PhysRevD.106.L091504
https://doi.org/10.1103/PhysRevD.106.L091504
http://arxiv.org/abs/arXiv:2409.01441
https://doi.org/10.1103/PhysRevD.110.114033
https://doi.org/10.1103/PhysRevD.110.114033
https://doi.org/10.1103/PhysRevD.110.114033
https://doi.org/10.1103/PhysRevD.110.114033
http://arxiv.org/abs/arXiv:2501.13243
http://arxiv.org/abs/arXiv:2009.13637
https://doi.org/10.1088/0256-307X/38/7/071201
https://doi.org/10.1088/0256-307X/38/7/071201
https://doi.org/10.1088/0256-307X/38/7/071201
https://doi.org/10.1088/0256-307X/38/7/071201
http://arxiv.org/abs/arXiv:2208.13903
http://arxiv.org/abs/arXiv:2208.13903
https://doi.org/10.1140/epja/s10050-023-00951-7
https://doi.org/10.1140/epja/s10050-023-00951-7
http://arxiv.org/abs/arXiv:2411.19680
https://doi.org/10.1016/j.physletb.2025.139384
https://doi.org/10.1016/j.physletb.2025.139384
https://doi.org/10.1016/j.physletb.2025.139384
https://doi.org/10.1016/j.physletb.2025.139384
http://arxiv.org/abs/arXiv:1710.04903
https://doi.org/10.1016/j.cpc.2018.05.020
https://doi.org/10.1016/j.cpc.2018.05.020
https://doi.org/10.1016/j.cpc.2018.05.020
https://doi.org/10.1016/j.cpc.2018.05.020
http://arxiv.org/abs/arXiv:1612.06002
http://arxiv.org/abs/arXiv:1612.06002
https://doi.org/10.1103/PhysRevC.95.045204
https://doi.org/10.1103/PhysRevC.95.045204
http://arxiv.org/abs/arXiv:1808.09461
http://arxiv.org/abs/arXiv:1808.09461
https://doi.org/10.1103/PhysRevD.98.091505
https://doi.org/10.1103/PhysRevD.98.091505
http://arxiv.org/abs/arXiv:hep-ph/0509213
http://arxiv.org/abs/arXiv:hep-ph/0509213
https://doi.org/10.1103/PhysRevD.72.094025
https://doi.org/10.1103/PhysRevD.72.094025
http://arxiv.org/abs/arXiv:2402.06141
https://doi.org/10.1007/JHEP07(2024)118
https://doi.org/10.1007/JHEP07(2024)118
https://doi.org/10.1007/JHEP07(2024)118
https://doi.org/10.1007/JHEP07(2024)118
http://arxiv.org/abs/arXiv:2411.12327
http://arxiv.org/abs/arXiv:hep-ph/0207047
http://arxiv.org/abs/arXiv:hep-ph/0207047
https://doi.org/10.1142/S0217751X03012370
https://doi.org/10.1142/S0217751X03012370
http://arxiv.org/abs/arXiv:2206.12903
http://arxiv.org/abs/arXiv:2206.12903
https://doi.org/10.1016/j.physletb.2023.137676
https://doi.org/10.1016/j.physletb.2023.137676
http://arxiv.org/abs/arXiv:2503.10465
https://doi.org/10.1016/j.physletb.2025.139585
https://doi.org/10.1016/j.physletb.2025.139585
https://doi.org/10.1016/j.physletb.2025.139585
https://doi.org/10.1016/j.physletb.2025.139585
http://arxiv.org/abs/arXiv:hep-lat/0011040
http://arxiv.org/abs/arXiv:hep-lat/0011040
https://doi.org/10.1016/S0146-6410(01)00150-8
https://doi.org/10.1016/S0146-6410(01)00150-8
http://arxiv.org/abs/arXiv:hep-ph/0607224
http://arxiv.org/abs/arXiv:hep-ph/0607224
https://doi.org/10.1016/j.aop.2006.09.002
https://doi.org/10.1016/j.aop.2006.09.002
http://arxiv.org/abs/arXiv:1403.3025
http://arxiv.org/abs/arXiv:1403.3025
https://doi.org/10.1016/j.physletb.2014.05.060
https://doi.org/10.1016/j.physletb.2014.05.060

[55]

[56]

[571

[58]

[59]

[60]

[61]

. Xu, A. Bashir, K. Raya et al.

F. Gao, L. Chang, Y.-x. Liu, Bayesian extraction of the parton distribution amplitude
from the bethe-salpeter wave function, Phys. Lett. B 770 (2017) 551-555. arXiv
preprint arXiv:1611.03560, https://doi.org/10.1016/j.physletb.2017.04.077

J.A. Mueller, C.S. Fischer, D. Nickel, Quark spectral properties above Tc from
Dyson-Schwinger equations, Eur. Phys. J. C 70 (2010) 1037-1049. arXiv preprint
arXiv:1009.3762, https://doi.org/10.1140/epjc/s10052-010-1499-8

S. Zhang, X. Wang, T. Lin, L. Chang, Reconstructing parton distribution function
based on maximum entropy method (2023). arXiv preprint arXiv:2309.01417

A. Rothkopf, Improved maximum entropy analysis with an extended search space,
J. Comput. Phys. 238 (2013) 106-114. arXiv preprint arXiv:1110.6285, https://doi.
org/10.1016/j.jcp.2012.12.023

J. Skilling, Classic Maximum Entropy, Springer Netherlands, Dordrecht, 1989, pp.
45-52. https://doi.org/10.1007/978-94-015-7860-8_3

M.S. Bhagwat, P. Maris, Vector meson form factors and their quark-mass depen-
dence, Phys. Rev. C 77 (2008) 025203. arXiv preprint arXiv:nucl-th/0612069,
https://doi.org/10.1103/PhysRevC.77.025203

K. Raya, A. Bashir, J. Rodriguez-Quintero, Mapping spatial distributions within
pseudoscalar mesons, Chin. Phys. Lett. 42 (2) (2025) 020201. arXiv preprint
arXiv:2412.06025, https://doi.org/10.1088/0256-307X/42/2/020201

[62]

[63]

[64]

[65]

Physics Letters B 869 (2025) 139864

B. Almeida-Zamora, J.J. Cobos-Martinez, A. Bashir, K. Raya, J. Rodriguez-Quintero,
J. Segovia, Algebraic model to study the internal structure of pseudoscalar mesons
with heavy-light quark content, Phys. Rev. D 109 (1) (2024) 014016. arXiv preprint
arXiv:2309.17282, https://doi.org/10.1103/PhysRevD.109.014016

C. Deng, H. Chen, J. Ping, Towards the understanding of fully-heavy tetraquark
states from various models, Phys. Rev. D 103 (1) (2021) 014001. arXiv preprint
arXiv:2003.05154, https://doi.org/10.1103/PhysRevD.103.014001

R.J. Herndndez-Pinto, L.X. Gutiérrez-Guerrero, A. Bashir, M.A. Bedolla, .M.
Higuera-Angulo, Electromagnetic form factors and charge radii of pseudoscalar
and scalar mesons: a comprehensive contact interaction analysis, Phys. Rev. D
107 (5) (2023) 054002. arXiv preprint arXiv:2301.11881,https://doi.org/10.1103/
PhysRevD.107.054002

R.J. Herndndez-Pinto, L.X. Gutiérrez-Guerrero, M.A. Bedolla, A. Bashir, Electric,
magnetic, and quadrupole form factors and charge radii of vector mesons: from
light to heavy sectors in a contact interaction, Phys. Rev. D 110 (11) (2024)
114015. arXiv preprint arXiv:2410.23813, https://doi.org/10.1103/PhysRevD.110.
114015


http://arxiv.org/abs/arXiv:1611.03560
http://arxiv.org/abs/arXiv:1611.03560
https://doi.org/10.1016/j.physletb.2017.04.077
https://doi.org/10.1016/j.physletb.2017.04.077
http://arxiv.org/abs/arXiv:1009.3762
http://arxiv.org/abs/arXiv:1009.3762
https://doi.org/10.1140/epjc/s10052-010-1499-8
https://doi.org/10.1140/epjc/s10052-010-1499-8
http://arxiv.org/abs/arXiv:2309.01417
http://arxiv.org/abs/arXiv:1110.6285
https://doi.org/10.1016/j.jcp.2012.12.023
https://doi.org/10.1016/j.jcp.2012.12.023
https://doi.org/10.1016/j.jcp.2012.12.023
https://doi.org/10.1016/j.jcp.2012.12.023
https://doi.org/10.1007/978-94-015-7860-8_3
https://doi.org/10.1007/978-94-015-7860-8_3
http://arxiv.org/abs/arXiv:nucl-th/0612069
https://doi.org/10.1103/PhysRevC.77.025203
https://doi.org/10.1103/PhysRevC.77.025203
http://arxiv.org/abs/arXiv:2412.06025
http://arxiv.org/abs/arXiv:2412.06025
https://doi.org/10.1088/0256-307X/42/2/020201
https://doi.org/10.1088/0256-307X/42/2/020201
http://arxiv.org/abs/arXiv:2309.17282
http://arxiv.org/abs/arXiv:2309.17282
https://doi.org/10.1103/PhysRevD.109.014016
https://doi.org/10.1103/PhysRevD.109.014016
http://arxiv.org/abs/arXiv:2003.05154
http://arxiv.org/abs/arXiv:2003.05154
https://doi.org/10.1103/PhysRevD.103.014001
https://doi.org/10.1103/PhysRevD.103.014001
http://arxiv.org/abs/arXiv:2301.11881
https://doi.org/10.1103/PhysRevD.107.054002
https://doi.org/10.1103/PhysRevD.107.054002
https://doi.org/10.1103/PhysRevD.107.054002
https://doi.org/10.1103/PhysRevD.107.054002
http://arxiv.org/abs/arXiv:2410.23813
https://doi.org/10.1103/PhysRevD.110.114015
https://doi.org/10.1103/PhysRevD.110.114015
https://doi.org/10.1103/PhysRevD.110.114015
https://doi.org/10.1103/PhysRevD.110.114015

	Imaging the charge distributions of flavor-symmetric and -asymmetric mesons 
	1 Introduction
	2 Reconstructing charge distribution from electromagnetic form factors
	3 Numerical outputs
	4 Summary and discussions


