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1 Introduction

The study of electromagnetic properties of mesons is a fundamental topic in hadron physics.
The electromagnetic form factors (EFFs), which describe the response of composite particles
to electromagnetic probes, provide an important tool for understanding the structure of
bound states in QCD. Therefore, there have been numerous studies of the electromagnetic
form factors of the mesons in experimental and theoretical [1–9].

Compared with ud̄, us̄, . . . , heavy-light systems, such as uc̄, ub̄, cs̄, . . . , exhibit higher
flavor asymmetry, thereby offering more information for the internal structure and dynamics
of QCD’s bound states. However, due to the lack of experimental data and theoretical
challenges, there are few studies about them. Recently, the electromagnetic form factors of
heavy-light meson have attracted growing attention and various methods have been applied,
for example, light-front framework (LFF) [10], constituent quark model (CQM) [11], contact
interaction model (CI) [12], Algebraic model (AM) [13], Extended Nambu-Jona-Lasinio
model (ENJL) [14], Lattice QCD (lQCD) [15] and others [16–21]. Different or similar results
have been reported.

On the other hand, the Dyson-Schwinger/Bethe-Salpeter equations (DSEs/BSEs) formal-
ism provides a non-perturbative and Poincaré-covariant framework capable of simultaneously
describing confinement and dynamical chiral symmetry breaking (DCSB). It has been suc-
cessfully used to study hadron properties for thirty years [22–33]. Therefore, investigating
the electromagnetic form factors of heavy-light systems within the framework of DSEs/BSEs,
including the extraction of physical information like charge radius and magnetic moment,
is necessary and valuable for comparative analysis with results obtained from alternative
approaches and future experiments. However, the current predictions of DSEs/BSEs for
the meson’s EFFs have focused on flavor-symmetric or slightly asymmetric systems such
as π, ρ, and K mesons [34–39].

In this work, we extend our previous work [37] to the heavy-light mesons, and an effective
flavor-dependent BSE interaction kernel is applied [30]. Based on it, we systematically
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investigate the electromagnetic form factors of heavy-light quark-antiquark system within
DSEs/BSEs framework for the first time. As a comparison, pseudo-scalar (PS) and vector
(VC) channels are calculated uniformly.

This paper is organized as follows: In section 2, we introduce the DSEs/BSEs framework
and the electromagnetic form factors of meson. In section 3, the numerical results of heavy-
light pseudo-scalar/vector mesons’ EFFs are presented. Then we discuss the effect of flavor
symmetry breaking, and the results are compared with those obtained by other approaches.
Section 4 provides a brief summary.

2 The electromagnetic form factors within DSEs/BSEs framework

2.1 Quark propagators, quark-photon vertex and heavy-light meson’s BSAs

We work within DSEs/BSEs framework in Euclidean space. Under the rainbow-ladder (RL)
approximation, the dressed-quark propagator can be obtained from the following gap equation,

S−1(p) = Z2iγ · p+ Z4m+ Z1

∫ Λ

q
g2Dαβ(p− q)λ

a

2 γαS(q)
λa

2 γβ , (2.1)

and the general form of S−1(p) can be written as

S−1(p) = iγ · pA(p2) +B(p2). (2.2)

Where A(p2) and B(p2) are scalar functions, m is current quark mass, Z1,2,4 are the renor-
malization constants, in this work we employ a mass-independent momentum-subtraction
renormalisation scheme [40] and choose renormalization scale ξ = 19GeV [41].

∫ Λ
q represents a

translationally-invariant regularization of the four-dimensional integral with the regularization
scale Λ. For the dressed-gluon propagator Dµν(k), we employ the Qin-Chang model [26, 28]

Z1g
2Dµν(k) = Z2

2G
(
k2
)
PT

µν(k) = Deff, (2.3)

where PT
µν(k) = δµν −kµkν/k

2 is transverse projection operator and the effective interaction is

G(k2)
k2 = GIR(k2) + 8π2γmF(k2)

ln[τ + (1 + k2/Λ2
QCD)2]

, GIR(k2) = D
8π2

ω4 e
−k2/ω2

, (2.4)

with F(k2) = {1 − exp[(−k2/(4m2
t )]}/k2, mt = 0.5GeV, τ = e2 − 1, ΛQCD = 0.234GeV,

γm = 12/25 [41]. For model parameters D and ω, a typical choice is ω = 0.5GeV with
Dω = (0.82 GeV)3 for u/d, s quark, ω = 0.8GeV with Dω = (0.6 GeV)3 for c, b quark [37, 41].
In this work we follow these values except (Dω)s = (0.68 GeV)3, (Dω)c = (0.66 GeV)3,
(Dω)b = (0.48 GeV)3, which are tweaked slightly to consider flavor dependence of the
interaction [33, 42–44], thus producing results closer to the experimental value (see table 1).
More details of eq. (2.1)–(2.4) are presented in refs. [22–26].

Correspondingly, the meson’s Bethe-Salpeter amplitudes (BSAs), Γfḡ
H (k+, k−), and the

dressed quark-photon vertex, Γγ,f f̄
µ (k+, k−), can be obtained from (in)homogeneous BSEs,

respectively,

Γfḡ
H (k+, k−) =

∫ Λ

q
Kfḡ(q, k;P )Sf (q+) Γfḡ

H (q+, q−)Sg (q−) , (2.5)

– 2 –
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Quark mξ=19 GeV Meson Mass Decay constant
Expt. lQCD This work Expt. lQCD This work

u/d 0.0033 π 0.138(1) — 0.135 0.092(1) 0.093(1) 0.095
/ ρ 0.775(1) 0.780(16) 0.755 0.153(1) — 0.150

s 0.097 ηs — — 0.734 — — 0.123
/ ϕ 1.019(1) 1.032(16) 1.019 0.168(1) 0.170(13) 0.168

c 0.854 ηc 2.984(1) — 2.984 0.237(52) 0.278(2) 0.270
/ J/ψ 3.097(1) 3.098(3) 3.114 0.294(5) 0.286(4) 0.290

b 3.682 ηb 9.399(1) — 9.399 — 0.472(5) 0.464
/ Υ 9.460(1) — 9.453 0.505(4) 0.459(22) 0.441

Table 1. The masses and decay constants of qq̄ systems. Where m is current quark mass and the
units are GeV. For comparison, we collect both experimental values [45] and lQCD’s results [46–51].

and
Γγ,f f̄

µ (k+, k−) = Z2γµ −
∫ Λ

q
Kff̄ (q, k;P )Sf (q+) Γγ,f f̄

µ (q+, q−)S f̄ (q−) , (2.6)

where f and g denote the flavor of (anti-)quark, k+ = k + αP ; k− = k − (1 − α)P with
the momentum partitioning parameter α ∈ [0, 1]. Although the physical observables do
not depend on α, in the actual calculation,1 the selection of α should be careful to avoid
parabola include the pole for the accuracy of the contour integral [52, 53]. The general
form of Γ(k+, k−) can be written as

Γ(k+, k−) =
N∑

i=1
τ i(k, P )Fi(k, P ), (2.7)

where τ i(k, P ) is basis and Fi(k, P ) is scalar function. For the pseudo-scalar/vector meson,
we choose [28]

τ1
0− = iγ5, τ3

0− = γ5γ · kk · P,
τ2

0− = γ5γ · P, τ4
0− = γ5σµνkµPν , (2.8a)

and

τ1
1− = iγT

µ , τ5
1− = kT

µ ,

τ2
1− = i

[
3kT

µ γ · kT − γT
µ k

T · kT
]
, τ6

1− = k · P
[
γT

µ γ
T · k − γ · kTγT

µ

]
,

τ3
1− = ikT

µ k · Pγ · P, τ7
1− =

(
kT
)2 (

γT
µ γ · P − γ · PγT

µ

)
− 2kT

µ γ · kTγ · P,

τ4
1− = i

[
γT

µ γ · Pγ · kT + kT
µ γ · P

]
, τ8

1− = kT
µ γ · kTγ · P, (2.8b)

with V T
µ = Vµ − Pµ(V · P )/P 2. Then the decay constant can be obtained easily after

normalization of the meson’ BSAs [28].
As for the quark-photon vertex Γγ

µ(k+, k−), the general basis is

τγ = {γµ, kµ, Pµ} ⊗ {1, γ · P, γ · k, σαβP
αkβ}, (2.9)

1If we define the vertex of parabola contour in k2
± complex plane as (−∆2

f , 0) and (−∆2
ḡ, 0), we will have

1 − ∆ḡ/M < α < ∆f /M , and the best α = ∆f /(∆f + ∆ḡ), where M is meson’s mass.
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Figure 1. The masses and decay constants of flavor asymmetric pseudo-scalar/vector mesons. See
table 2 for more details.

and Γγ
µ(k+, k−) should satisfy the vector Ward-Green-Takahashi identity (WGTI) [34, 39]

iPµΓγ
µ (k+, k−) = S−1 (k+)− S−1 (k−) . (2.10)

The only thing left is the BSE interaction kernel Kfḡ(q, k;P ). In the case of flavor
symmetry, the standard RL approximation kernel can be written as [41]

Kff̄
RL(q, k;P ) = Df

eff
λa

2 γα ⊗ λa

2 γβ , (2.11)

and generally, it works well for the flavor symmetric/slightly asymmetric ground state pseudo-
scalar/vector mesons. However, for the highly flavor asymmetric system, such as uc̄, ub̄, . . . ,
eq. (2.11) is difficult to be applied because of the lack of flavor asymmetry [43]. To consider
this effect, we effectively average the kernel as [30]

Kfḡ(q, k;P ) = ηKff̄
RL(q, k;P ) + (1− η)Kgḡ

RL(q, k;P ). (2.12)

Here a weight factor η is introduced,2 and eq. (2.12) can be regarded as an extension of RL
approximation, that is, weight-RL. For the flavor symmetric case, it will degenerate to the
RL kernel, therefore the solution of eq. (2.6) still satisfy the vector WGTI, which will be
used in the calculation of electromagnetic form factor [34].

For flavor-asymmetric mesons, the effect of weight factor has been discussed in ref. [30],
with the presentation of an automatic average. In this work, we directly determine the η by
the pseudo-scalar meson’s mass to obtain a relatively realistic interaction. Once the weight
factor is fixed, the decay constant of the pseudo-scalar meson, the mass and decay constant of
the vector meson can all be well predicted (see table 2 and figure 1). It is worth noting that
eq. (2.12) should be considered as an effective kernel and other heavy-light kernel have been
proposed. For example, the modification of the combined effect of vertex and gluon dressing,
suppressed for heavier quarks, was first introduced by Serna et al. in contact-interaction model
to study heavy-light meson [42], and subsequently applied in the DSEs/BSEs framework with
a kernel ansatz [43, 44]. The theoretical explore for flavor dependence and strict beyond-RL
kernel is still ongoing [30, 33, 42–44, 54–57].

2In this work, “η” is just used to denote the weight factor, and it has nothing to do with the momentum
partition parameter α defined below eq. (2.6).
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Meson Mass Decay constant
Expt. lQCD This work RL Expt. lQCD This work RL

K 0.495(1) — 0.495† 0.495 0.110(1) — 0.108 0.112
K∗ 0.896(1) 0.993(1) 0.880 0.955 0.159(1) — 0.158 0.179
D 1.868(1) 1.868(3) 1.868† — 0.144(4) 0.150(4) 0.140 —
D∗ 2.009(1) 2.013(14) 2.017 — — 0.158(6) 0.160 —
B 5.279(1) 5.283(8) 5.279† — 0.133(18) 0.134(1) 0.123 —
B∗ 5.325(1) 5.321(8) 5.334 — — 0.131(5) 0.126 —
Ds 1.968(1) 1.968(4) 1.968† — 0.182(3) 0.177(1) 0.164 —
D∗

s 2.112(1) 2.116(11) 2.111 — — 0.190(5) 0.186 —
Bs 5.367(1) 5.366(8) 5.367† — — 0.163(1) 0.149 —
B∗

s 5.415(1) 5.412(6) 5.422 — — 0.158(4) 0.151 —
Bc 6.275(1) 6.276(7) 6.275† 6.388 — 0.307(10) 0.300 0.429
B∗

c — 6.331(7) 6.340 6.542 — 0.298(9) 0.296 0.483

Table 2. The masses and decay constants of heavy-light mesons, where † means fitting value. In this
work (weight-RL), we fixed the weight factor η by the mass of the pseudo-scalar meson (see eq. (2.12)):
ηus̄ = 0.467, ηuc̄ = 0.311, ηub̄ = 0.249, ηsc̄ = 0.410, ηsb̄ = 0.325, ηcb̄ = 0.415. For comparison, we
collect both experimental values [45, 58] and lQCD’s results [46–51, 59–65], the RL results are picked
from refs. [30, 37]. The units in this table are GeV.

2.2 The electromagnetic form factors of pseudo-scalar and vector mesons

The generalized impulse approximation allows electromagnetic processes to be described
in terms of dressed quark propagators, bound state BSAs, and the dressed quark-photon
vertex. These couplings are given by [34, 35, 37]

Λµ,f̄gg
H (P,Q) = iNc

∫
k
Tr
[
Γγ

µ(k+; k−)Sg(k−)Γ(in)
H (k−; kp)S f̄ (kp)Γ(out)

H (k−; kp)Sg(k+)
]
. (2.13)

Where P −Q/2, P +Q/2 and Q are incoming meson, outgoing meson and incoming photon
momenta, which are constrained by on-shell condition

(P −Q/2)2 = (P +Q/2)2 = −M2, (2.14)

with M is meson’s mass. The other elements in eq. (2.13) are the dressed-quark propagators
S(q), the meson’s BSAs ΓH(k+, k−) and dressed quark-photon vertex Γγ

µ(k+, k−). In this
work we determine them from homogeneous/inhomogeneous BSEs in the moving frame,
correspondingly, k+ = k + (1− α)P +Q/2, k− = k + (1− α)P −Q/2, kp = k − αP , with α

is the momentum partitioning parameter of the outgoing meson and physical observables
are independent of it. Then the need for interpolation or extrapolation of the meson’s
BSAs/quark-photon vertex can be avoided [35].

Consider the coupling of a photon to the quark and antiquark, this interaction should
be written as the sum of two terms (see figure 2)

Λµ
H(P,Q) = Q̂gΛµ,f̄gg

H (P,Q) + Q̂f̄Λµ,gf̄ f̄
H (P,Q), (2.15)

– 5 –
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Figure 2. Feynman diagrams of meson’s electromagnetic form factor under impulse approximation.
Solid lines: dressed quarks, S; gray shaded circles: the Bethe-Salpeter amplitude of meson, ΓH ; and
black shaded circles: dressed quark-photon vertex, Γγµ.

where Q̂ is the quark or antiquark electric charge. Therefore, the meson’s form factor can
be decomposed into two terms

F gf̄ (Q2) = Q̂gF g

gf̄
(Q2) + Q̂f̄F f̄

gf̄
(Q2), (2.16)

where F g

gf̄
(Q2) and F f̄

gf̄
(Q2) describe the contribution of different (anti-)quark in the system,

respectively.
For pseudo-scalar meson, the only form factor is defined by [34]

F (Q2) = Pµ

2P 2Λ
µ(P,Q), (2.17)

and for vector meson, the three form factors are defined by [35]

GE

(
Q2
)
=
(
1 + 2

3
Q2

4M2

)
F1
(
Q2
)
+ 2

3
Q2

4M2F2
(
Q2
)
+ 2

3
Q2

4M2

(
1 + Q2

4M2

)
F3
(
Q2
)
,

(2.18a)

GM

(
Q2
)
= −F2

(
Q2
)
, (2.18b)

GQ
(
Q2
)
= F1

(
Q2
)
+ F2

(
Q2
)
+
(
1 + Q2

4M2

)
F3
(
Q2
)
, (2.18c)

with

Λµ
ρσ(P,Q) = −

3∑
j=1

T j
µρσ(P,Q)Fj

(
Q2
)
, (2.19a)

Tµ,1
ρσ (P,Q) = 2PµPT

ργ

(
P−)PT

γσ

(
P+
)
, (2.19b)

Tµ,2
ρσ (P,Q) =

(
Qρ − P−

ρ

Q2

2M2

)
PT

µσ

(
P+
)
−
(
Qσ + P+

σ

Q2

2M2

)
PT

µρ

(
P−) , (2.19c)

Tµ,3
ρσ (P,Q) = Pµ

M2

(
Qρ − P−

ρ

Q2

2M2

)(
Qσ + P+

σ

Q2

2M2

)
, (2.19d)

and PT
µν(k) = δµν − kµkν/k

2. Where GE(0) = F (0) = e, e = 1, 0 defines the meson’s charge.
In the impulse approximation, as long as the relation between the dressed quark propagator
and the quark-photon vertex satisfies vector WGTI, and the BSE kernel is independent of
the meson momentum, the conservation of electromagnetic current will be preserved after the
meson’s BSAs are canonical normalized [34]. Besides, GM (0) and GQ(0) can be identified
with the magnetic moment, µ, and the quadrupole moment, Q, of a vector meson [35, 37].
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Figure 3. Compare the electromagnetic form factors of pion and kaon with experimental data [66–68].

3 Numerical results and discussion

3.1 Pseudo-scalar mesons

With all the above at hand, we first consider the electromagnetic form factor for ground
state heavy-light pseudo-scalar mesons. These are the simplest quark-antiquark bound states
embodying confinement, and the lightest pseudo-scalar meson, π, is also the Goldstone
mode of DCSB. In figure 3, we present a comparison of the electromagnetic form factors of
the pion and kaon with current experimental results. Our predictions demonstrate a good
agreement with the experimental data.

In the case of pseudo-scalar channel, the only electromagnetic form factor, F (Q2),
corresponds to the charge distribution of the system.3 It is well known that the charge
radius can be defined as

〈
r2
〉
= − 6dF

(
Q2)

dQ2

∣∣∣∣∣
Q2=0

, (3.1)

which denotes the distribution range of charge. The numerical results of eq. (3.1) can be
found in table 3. As a comparison, we also collected some predictions from other approaches.

For the full charge radius of these mesons, each approaches reports results of the
same order of magnitude, that is,

√
⟨r2⟩ < 1 fm. It is no surprise because fm is the order of

magnitude of a nucleon’s size. Nevertheless, the charge radii obtained from contact interaction
model (CI) are lower than others, since CI is a relatively simple model [12]. However, it
still provides useful qualitative results. CI predicts that the charge radius of π is the largest
of these ground state pseudo-scalar meson, and our results confirm this conclusion. This
is interesting because π is the one with the most significant DCSB effect, which seems to
suggest that DCSB, while generating mass, also tends to increase the size of the system.

For slightly/moderately flavor asymmetric meson, such as us̄, uc̄, sc̄, sb̄, cb̄, . . . , the
charge radii predicted by these methods are generally consistent. However, in the case of
extremely flavor symmetry breaking, such as ub̄, these results begin to deviate from each
other. CI reports 0.34 fm for B+, but the result of AM is 0.926 fm, even larger than the

3Although the exact form of this relation is still up for debate [69, 70].
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Meson This work LFF PM CI AM CQM ENJL IQCD
L H Full

π ud̄ 0.646 0.646 0.646 0.666 — 0.45 — 0.665 0.57 0.648(15)
K+ us̄ 0.659 0.491 0.608 0.591 — 0.42 — 0.551 0.54 —
K0 ds̄ / / 0.253i 0.260i — — — — — —
D+ cd̄ 0.706 0.187 0.435 0.429 0.510 — 0.680 0.505 0.46 0.450(24)
D0 cū / / 0.556i 0.551i 0.673i 0.36i — — — —
B+ ub̄ 0.757 0.071 0.619 0.615 0.732 0.34 0.926 — 0.74 —
B0 db̄ / / 0.435i 0.432i 0.516i — — — — —
Ds cs̄ 0.547 0.192 0.352 0.352 0.465 0.26 0.372 0.377 0.39 0.465(57)
Bs sb̄ 0.588 0.072 0.337i 0.345i 0.463i 0.24i 0.345i — — —
Bc cb̄ 0.260 0.089 0.219 0.208 — 0.17 0.217 — — —

Table 3. The charge radius
√
⟨r2⟩ of heavy-light pseudo-scalar mesons, including the contributions

of lighter quark (L) and heavier quark (H). The results of other approaches come from: light-
front framework (LFF) [10], QCD potential model (PM) [16], constituent quark model (CQM) [11],
contact interaction model (CI) [12], Algebraic model (AM) [13], Extended Nambu-Jona-Lasinio
model (ENJL) [14] and Lattice QCD (lQCD) [15, 71]. For comparison, the experiments report [72]:
π : 0.659(4), K± : 0.560(31), K0 : 0.277(18)i. The units are fm.

proton radius, 0.841(1) fm [72]. In this work, the predicted charge radius of B+ is rather
close to light-front framework (LFF) ∼ 0.62 fm. More comparison can be found in table 3.

According to eq. (2.15), the contributions of different quarks to the system can be
extracted, this gives us a glimpse into the internal structure of heavy-light meson. In table 3
and figure 4, both the separated contributions and full results are presented, we will discuss
this in conjunction with vector mesons in the next subsection.

3.2 Vector mesons

Compared with the pseudo-scalar case, the heavy-light vector meson’s electromagnetic form
factor have received much less attention. On the one hand, it is difficult to measure in
experiment, on the other hand, its theoretical calculation is more complicated. However,
noteworthy distinctions or unexpected similarities between pseudo-scalar and vector mesons,
such as their charge radii, can help us to better understand the internal structure of these
hadrons. Therefore, in this work, we calculate the EFFs of pseudo-scalar/vector mesons
with momentum transfer Q2 < 2 GeV2 uniformly, except B∗ because the pole of the quark
propagator in the complex plane limits the computable region [36].

The electric form factor of vector meson, GE(Q2), can be compared with the pseudo-scalar
meson’s F (Q2), because both of them correspond to the charge distribution. The results of
this comparison are presented in figure 4, and a clear pattern can be noticed immediately.

As mentioned earlier, eq. (2.15) allows us to separate the contributions of the lighter
and heavier dressed-quark. For uq̄, q = u/d, s, c, b systems, with the increase of current
quark mass of q, the form factor of the lighter quark becomes steeper while the form factor
of the heavier quark flattens out (see figure 4, upper panel). The extracted charge radii
are presented in the table 3 (PS) and table 4 (VC). Obviously, the distribution range of u
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Figure 4. The electric form factor of heavy-light pseudo-scalar/vector mesons. Left panel: pseudo-
scalar mesons, right panel: vector mesons. Solid lines: the results of charged mesons; dot-dashed lines:
the results of neutral mesons; dashed/dotted lines: the contribution of lighter/heavier (anti-)quark in
the system (see eq. (2.16)), where K(u) means u (anti-)quark’s contribution in K meson, and other
legends are similar.
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Meson
√
⟨r2⟩ µ Q

L H Full L H Full L H Full
ρ ud̄ 0.722 0.722 0.722 2.006 2.006 2.006 −0.364 −0.364 −0.364
K∗+ us̄ 0.732 0.557 0.679 2.234 1.896 2.121 −0.479 −0.340 −0.433
K∗0 ds̄ / / 0.274i / / −0.112 / / 0.046
D∗+ cd̄ 0.768 0.204 0.473 4.464 1.419 2.434 −1.281 −0.148 −0.525
D∗0 cū / / 0.604i / / −2.030 / / 0.755
B∗+ ub̄ 0.802 0.072 0.657 11.23 1.178 7.880 −3.238 −0.056 −2.177
B∗0 db̄ / / 0.462i / / −3.351 / / 1.061
D∗

s cs̄ 0.589 0.210 0.381 3.856 1.472 2.267 −1.044 −0.170 −0.461
B∗

s sb̄ 0.605 0.074 0.347i 9.526 1.204 −2.774 −2.719 −0.059 0.887
B∗

c cb̄ 0.275 0.094 0.231 4.078 1.424 3.193 −0.945 −0.118 −0.669

Table 4. The charge radius,
√

⟨r2⟩, magnetic moment, µ, and the quadrupole moment, Q, of
heavy-light vector meson, including the contributions of lighter quark (L) and heavier quark (H).
The units are fm, e/2MV , e/M2

V , respectively. For comparison, an experimental values of
√

⟨r2⟩ρ is
0.721(35) [73], and ref. [35] reports

√
⟨r2⟩ρ = 0.73 fm, µρ = 2.01, Qρ = −0.41,

√
⟨r2⟩K∗ = 0.656 fm,

µK∗ = 2.23, QK∗ = −0.38,
√
⟨r2⟩K∗0 = 0.282i fm, µK∗0 = −0.26, QK∗0 = 0.01 under RL kernel, with√

⟨r2⟩ρ = 0.748(27) fm from another model [74].

and q̄ (anti-)quarks gradually expands and contracts. Especially, for u quark in ub̄ system,√
2/3⟨r2⟩u = 0.618 fm (PS), 0.655 fm (VC), it is very close to the charge radius of B+ and

B∗+, that is, 0.619 fm and 0.657 fm. This reveals that, in ub̄ systems, the b̄ quark is basically
stationary, with the charge distribution almost entirely contributed by the u quark.

For the sq̄, cq̄ systems, in the middle panel of figure 4 we constructed four fictitious
charged states, πs, πc, ρs, ρc, which are constituted from q = u/d-like quarks with current
masses equal to s and c quarks. Because in the definition of this work, the electromagnetic
form factor of neutral ss̄, cc̄ system is trivially zero (see, eq. (2.16)). Again, flavor symmetry
breaking leads to the splitting of the form factor, the distribution range of lighter and heavier
quarks gradually expands and contracts, respectively. We note that similar conclusions have
also been reported by the ENJL model [14].

The full results of the electric form factors of heavy-light mesons are presented in the
lower panel of figure 4. Qualitatively, the results of pseudo-scalar and vector channel are
not much different, however, the charge radius of vector meson is larger than that of its
pseudo-scalar counterpart (see table 3 and table 4). This suggests that spin-dependent
interactions will expand the size of the meson, which conforms to the conclusion in the
case of flavor symmetry [37].

Differing from pseudo-scalar mesons, vector mesons have two more form factors, GM (Q2)
and GQ(Q2), corresponding to magnetic moment and quadrupole moment, respectively.
The full results are plotted in figure 5 (charged mesons) and figure 6 (neutral mesons).
For heavy-light mesons, the form factor is qualitatively consistent as the flavor asymmetry
increases. However, in the case of charge neutrality, the significant deviation from zero has
been exhibited, which reveals a non-trivial internal structure.
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Meson This work ENJL LCSR EBM BM NR BSLT ChPT
ρ ud̄ 2.492 2.54 — 2.500 — — — —
K∗+ us̄ 2.261 2.26 — 2.210 — — — —
K∗0 ds̄ −0.119 — — −0.216 — — — —
D∗+ cd̄ 1.132 1.16 1.16(8) 1.060 1.17 1.32 — 1.62+0.24

−0.08
D∗0 cū −0.944 — 0.30(4) −1.210 −0.89 −1.47 — −1.48+0.22

−0.38
B∗+ ub̄ 1.386 1.47 0.90(19) 1.470 1.54 1.92 — 1.77+0.25

−0.30
B∗0 db̄ −0.589 — −0.21(4) −0.650 −0.64 −0.87 — −0.92+0.15

−0.11
D∗

s cs̄ 1.007 0.98 1.00(14) 0.870 1.03 1.00 — 0.69+0.22
−0.10

B∗
s sb̄ −0.480 — −0.17(2) −0.480 −0.47 −0.55 — −0.27+0.13

−0.10
B∗

c cb̄ 0.472 — — 0.350 0.56 0.45 0.426 —

Table 5. Magnetic moments (in nuclear magneton) of heavy-light vector mesons. The results of
other approaches come from: Extended Nambu-Jona-Lasinio model (ENJL) [14], light cone sum
rules (LCSR) [17], Extended-Bag model (EBM) [18], Bag model(BM) [19], non-relativistic quark model
(NR) [18, 45], Blankenbecler-Sugar equation (BSLT) [20] and chiral perturbation theory (ChPT) [21].

The extracted magnetic moments and quadrupole moments are presented together in
table 4. It is easy to see that when the charge radius of dressed-quark rises, the corresponding
magnetic moment and quadrupole moment also increases. In table 5, the magnetic mo-
ments are listed in the unit of nuclear magneton µn to compare with the results of other
approaches. Once again, the results given by each model/framework are basically the same
for slightly/moderately flavor asymmetric meson, but in the extremely flavor asymmetric
case, there are significant differences between them. Our predictions of the magnetic moment
are basically consistent with the ENJL model’s results. The possible reason is that NJL
is a similar framework to DSEs/BSEs, and the magnetic moment is not sensitive to the
form of interaction. However, due to the absence of experimental data, these predictions
still need to be verified by more approaches.

4 Summary

In this work, we systematically investigate the electromagnetic form factors of heavy-light
pseudo-scalar/vector mesons within DSEs/BSEs framework for the first time, including us̄,
uc̄, ub̄, sc̄, sb̄ and cb̄ systems. Based on it, we extract the charge radii of pseudo-scalar mesons,
the charge radii, magnetic moments and the quadrupole moments of the vector mesons, then
compare our results with those obtained by other approaches.

The numerical results show that, the flavor symmetry breaking will lead to a splitting
of the form factor of different quark in heavy-light system, and the distribution range of
lighter and heavier quark gradually expands and contracts, respectively. In the case of
vector meson, when the charge radius of dressed-quark increases, so do its corresponding
magnetic moment and quadrupole moment. The competition between the contributions
of the lighter and heavier quark together generates the electromagnetic form factors of
heavy-light meson.
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Figure 5. The electromagnetic form factors of heavy-light charged mesons. Solid lines: vector mesons;
dashed lines: pseudo-scalar mesons.

The results presented in this work can be compared with the experimental data and
further theoretical calculations, such as applying more elaborate beyond-RL kernel, in the
future. We expect that it will be useful for the understanding of the internal structure and
dynamics of QCD’s bound states.
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