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We determine the leading Fock-state light front wave functions (LF-LFWFs) of the ρ and J=ψ mesons,
for the first time from the Dyson-Schwinger and Bethe-Salpeter equations approach. A unique advantage of
this method is that it renders a direct extraction of LF-LFWFs in presence of a number of higher Fock-
states. Modulated by the current quark mass and driven by the dynamical chiral symmetry breaking, we
find the ρ and J=ψ LF-LFWFs different in profile, i.e., the former are broadly distributed in x (the
longitudinal light-cone momentum fraction of meson carried by quark) while the latter are narrow.
Moreover, the ρ LF-LFWFs contribute less than 50% to the total Fock-state normalization, suggesting
considerable higher Fock-states in ρ. We then use these LF-LFWFs to study the diffractive ρ and J=ψ
electroproduction within the dipole picture. The calculated cross section shows general agreement with
HERA data, except for growing discrepancy in ρ production at low photon virtuality.
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I. INTRODUCTION

Diffractive vector meson production provides an important
probe to the gluon saturation [1]. Within the dipole picture,
saturation and non-saturation scattering amplitudes yield
sizable effects in, e.g., the t-distribution of differential cross
section [2], the cross section ratio between eAu → eAuV and
ep → epV [3]. Meanwhile, the LF-LFWFs of vector mesons
and photon are important nonperturbative element of the
dipole picture. Their determination in connection with QCD
greatly helps reduce the theoretical uncertainties, and sub-
stantially deepens our understanding of the hard diffractions.
While the non-relativistic QCD (NRQCD) sheds light on

heavy meson LFWFs [1,4,5], it remains a great challenge to
calculate light vectormesonLFWFs in connectionwithQCD
to date. The light-cone QCD Hamiltonian, which encodes
abundant creation and annihilation of light-quarks and
gluons, gets intensely difficult to diagonalizewith increasing
number of Fock-states [6]. Therefore, existing dipole picture

studies all employed phenomenological (or effective) ρ LF-
LFWFs that take the leading Fock-state truncation [7–10],
i.e., theρmesoncontains only the jqq̄i component.However,
in a light system as ρ, the quantum fluctuation can be active,
so the higher Fock-states can be potentially considerable.
In this work, we introduce a novel approach based on

Dyson-Schwinger and Bethe-Salpeter equations (DS-BSEs)
study [11–13]. The modern DS-BSEs study is closely
connected with QCD, i.e., it incorporates the quark and gluon
degrees of freedom and selectively re-sums infinitely many
Feynman diagrams while respecting various symmetries of
QCD [14,15]. We then project the ρ and J=ψ covariant BS
wave functions onto the light front and extract the LF-LFWFs
from the many Fock-states embedded [16–18]. We then
confront these LF-LFWFs with diffractive ρ and J=ψ electro-
production at hadron-electron ring accelerator (HERA)within
the color dipole approach.

II. LF-LFWFs OF ρ AND J=ψ

The leading Fock-state configuration of a vector meson
state is expressed with the nonperturbative LFWFs ΦΛ

λ;λ0

jMiΛ ¼
X
λ;λ0

Z
d2kT
ð2πÞ3

dx

2
ffiffiffiffiffi
xx̄

p δijffiffiffi
3

p

×ΦΛ
λ;λ0 ðx; kTÞb†f;λ;iðx; kTÞd†f;λ0;jðx̄; k̄TÞj0i: ð1Þ
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The kT ¼ ðkx; kyÞ is the transverse momentum of the quark
f, and k̄T ¼ −kT for antiquark f̄. The longitudinal momen-
tum fraction carried by quark is x ¼ kþ

Pþ, and x̄ ¼ 1 − x for
antiquark. The i and j are color indices. The quark helicity
λ runs through ↑ and ↓, while the meson helicity Λ runs
through 0 and �1. The Φðx; kTÞ’s can be further expressed
with amplitudes ψðx; k2TÞ’s which contain only scalars
arguments x and k2T [19]. Denoting the quark helicity
↑ ¼ þ and ↓ ¼ −, and omitting the function arguments,
one finds for longitudinally polarized mesons

Φ0
�;∓ ¼ ψ0

ð1Þ; Φ0
�;� ¼ �kð∓Þ

T ψ0
ð2Þ; ð2Þ

with kð�Þ
T ¼ kx � iky, and for transverse mesons (Λ ¼ �1)

Φ�1
�;� ¼ ψ1

ð1Þ; Φ�1
�;∓ ¼ �kð�Þ

T ψ1
ð2Þ;

Φ�1∓;� ¼ �kð�Þ
T ψ1

ð3Þ; Φ�1∓;∓ ¼ ðkð�Þ
T Þ2ψ1

ð4Þ: ð3Þ

Note the Λ ¼ −1 meson can be obtained from Λ ¼ þ1

with a Ŷ transform, which consists a parity operation
followed by a 180° rotation around the y axis [19]. With
the help of Ŷ and charge parity, we find the constraints

ψΛ
ðiÞðx; k2TÞ ¼ ψΛ

ðiÞð1 − x; k2TÞ; ð4Þ

with one exception

ψ1
ð2Þðx; k2TÞ ¼ −ψ1

ð3Þð1 − x; k2TÞ: ð5Þ

In the end, for ρ0 (with isospin symmetry) or J=ψ that has
charge parity, there are totally five independent ψΛ

ðiÞ’s at

leading Fock state.
In this work, we derive the relation between the vector

meson LF-LFWFs and its BS wave function χMμ ðk; PÞ as

ΦΛ
λ;λ0 ðx; kTÞ ¼ −

1

2
ffiffiffi
3

p
Z

dk−dkþ

2π
δðxPþ − kþÞ

× Tr½Γλ;λ0γ
þχMðk; PÞ · ϵΛðPÞ�; ð6Þ

by generalizing the projection method for pseudoscalar
meson in Refs. [12,13,20]. The ϵΛðPÞ is the meson
polarization vector. The Γ�;∓ ¼ I � γ5 and Γ�;� ¼
∓ðγ1 ∓ iγ2Þ projects out certain (anti)quark helicity con-
figuration. The χMμ ðk; PÞ can be expressed with the dressed
quark propagator SðkÞ and BS amplitude ΓM

μ ðk; PÞ as
χMμ ðk; PÞ ¼ Sðkþ P=2ÞΓM

μ ðk; PÞSðk − P=2Þ. The trace is
taken over Dirac, color, and flavor indices. An implicit
color factor δij is associated with Γλ;λ0 , as well as a flavor

factor diagð1= ffiffiffi
2

p
;−1=

ffiffiffi
2

p Þ for ρ0.
Within the DS-BSEs framework, the SðkÞ and Γμðk; PÞ

can be solved by aligning the quark’s DSE and meson’s

BSE. In practice, truncations and modeling are indispen-
sable. A longstanding and successful realization is the
rainbow-ladder (RL) truncation combined with the Maris-
Tandy model [21]. With only two model parameters, it well
describes a range of hadron properties, including the pion
and ρ meson masses, decay constants and various elastic
and transition form factors [21–26]. The success also
extends to nucleon by solving the Faddeev equation
[27,28]. A nice property of the RL truncation is that it
preserves the (near) chiral symmetry of QCD by respecting
the axial vector Ward-Takahashi identity [22], so it is
capable of describing simultaneously the almost massless
pion as a Goldstone boson and the much more massive ρ
and nucleon, reflecting different aspects of the dynamical
chiral symmetry breaking (DCSB). Here we will explore
the prediction of RL DS-BSEs on the vector meson
LF-LFWFs.
The RL truncation starts with the rainbow truncation

[29,30]

Z1g2DμνðkÞΓνðk; pÞ → Z2
2k

2Gðk2ÞDfree
μν ðkÞγν; ð7Þ

where Z1 and Z2 are the renormalization constants of
quark-gluon vertex and quark field respectively. The strong
coupling constant g, as well as the dressing effects in full
gluon propagator DμνðkÞ and quark-gluon vertex Γνðk; pÞ,
are absorbed into a modeling function Gðk2Þ. Here we
employ the Qin-Chang (QC) model [31]

GðsÞ ¼ 8π2

ω4
De−s=ω

2 þ 8π2γm
ln½τ þ ð1þ s=Λ2

QCDÞ2�
F ðsÞ: ð8Þ

The first term models the infrared behavior, and the second
term is perturbative QCD result [29,31]. It improves the
infrared part of Maris-Tandy model to be in concert with
modern gauge sector study, while in hadron study the two
are equally good. The RL truncation further enforces a
ladder truncation to the BS scattering kernel, then the
DS-BSEs become solvable [21].
The LF-LFWFs can then be calculated with Eq. (6) using

the solved RL SðkÞ and ΓM
μ ðk; PÞ. Generally speaking, our

method is to calculate the (2x − 1)-moments of ψΛ
ðiÞðx; k2TÞ

at every jkT j, i.e.,

hð2x − 1ÞmiðiÞjkT j ¼
Z

dxð2x − 1ÞmψΛ
ðiÞðx; k2TÞ; ð9Þ

with m ¼ 0; 1; 2;…. From these moments we reconstruct
the LFWFs. For practical reasons, we treat the ρ and J=ψ
with somewhat different techniques.
In solving the ρDS-BSEs,we only take the infrared part of

the QC model, i.e., the first term on the right hand side of
Eq. (8). We refer to it as QC-IR model. Since the support of
light quark propagator and BS amplitude are dominated by
low relativemomentum, the ultraviolet termofQCmodel has
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relatively small effect. Such treatment was also employed in
other light quark sector studies [32,33]. Adopting the well-
determined parametersω ¼ 0.5 GeV,D ¼ ð0.82 GeVÞ3=ω
[26,31,34] and the current quark mass mu=d ¼ 5 MeV, we
reproduce mπ ¼ 131 MeV and fπ ¼ 90 MeV, as well as
mρ ¼ 717 MeV and fρ ¼ 140 MeV comparing to exper-
imental valuesmρ ¼ 775 MeVandfρ ¼ 156 MeV[35].We
choose QC-IR model rather than QC model as it renders an
exponentially k2− suppressed ΓM

μ ðk; PÞ. This allows us to
directly compute up to ninth-moment with Eq. (9), with the
numerical noises heavily suppressed. Note with QC model,
only the first two or three moments can be directly computed
for now. We then fit the moments with a flexible para-
metrization [34,36]

ψΛ
ðiÞðx; k2TÞ ≈ ½xð1 − xÞ�α−1=2

X
j¼0;2

aαjC
α
j ð2x − 1Þ

þ ½xð1 − xÞ�α0−1=2
X
j0¼1;3

aα
0

j0C
α0
j0 ð2x − 1Þ; ð10Þ

where the α, α0, aαj , and aα
0

j0 are fitting parameters. They

implicitly depend on the k2T , Λ and i. The Cα
j ðxÞ is the

Gegenbaur polynomial of order α, so the first term on the
right-hand side of Eq. (10) is symmetric in x with respect to
x ¼ 1=2, and the second term is antisymmetric. They are
devised to fit the even and odd (2x-1)-moments separately.
Using Eq. (10), we well reproduce all the moments with
deviations less than 1%.
For J=ψ, we choose the parameters ω ¼ 0.7 GeV and

D ¼ 0.64GeV2 from a recent global analysis on heavy
meson spectrum involving both charm and bottom quarks
[37]. They are a bit different from that in the light sector, as
the DCSB dressing effects they mimic are quantitatively
different between light and heavy sectors. In principle, this
deviation can be reduced by going beyond RL truncation.
Meanwhile we keep the ultraviolet term of the QC model as
it is more relevant for heavy quarks. With running quark
mass mcðμ ¼ mcÞ ¼ 1.33 GeV, we get mJ=ψ ¼ 3.09 GeV
and fJ=ψ ¼ 300 MeV, as compared to PDG data
mcðμ ¼ mcÞ ¼ 1.28 GeV, mJ=ψ ¼ 3.096 GeV and fJ=ψ ¼
294 MeV by leptonic decay ΓðJ=ψ → eþe−Þ ¼ 5.53 keV

[35]. To compute the J=ψ LFWFs, we adopt the technique
used in Refs. [17,38]: by fitting the meson BS amplitude
with Nakanishi-like representation [39] and the quark
propagator with pairs of complex conjugate poles form
which is particularly accurate in heavy sector [40], we are
able to compute point-wisely accurate LFWFs. More
details can be found in the Supplemental Material [41].
We then obtain all LF-LFWFs of ρ and J=ψ . The three-

dimensional plot of ψ0
ð1Þðx; k2TÞ is displayed in Fig. 1 and

the rest can be found in the Supplemental Material [41].
They satisfy all the general requirements of Eqs. (2)–(5).
Noticeably, the ρ and J=ψ LFWFs are very different in
profile. At small and moderate k2T , the J=ψ LFWFs are
distributed closer to x ¼ 1=2, while the ρ LFWFs are more
broadly distributed. This is consistent with the phenom-
enological ρ LFWFs fitted to diffractive ρ production
HERA data [8] and the AdS/QCD prediction [9]. The
broadness extends to the twist-2 distribution amplitude
(DA) ϕV

k ðx; μÞ, which is the kT− integrated LFWF

ϕV
k ðx; μÞ ¼

ffiffi
6

p
fV

R jkT j¼μ d2kT
ð2πÞ3 ψ

0
ð1Þðx; k2TÞ. For the DA moment

hξ2i ¼ hð2x − 1Þ2i, we obtain hξ2iρ ¼ 0.269 as compared
to sum rule results 0.251(24) [42], 0.216(21) [43] and
0.241(28) [44] at the scale of about 1 GeV. Note that we
determine our scale for ρ to be μ ≈ 2ω ¼ 1 GeV, as it is an
implicit cutoff within QC-IR model. Meanwhile the lattice
QCD gives hξ2iρ ¼ 0.268ð54Þ [45] and 0.245(9) [46] at a
higher scale of 2 GeV. For J=ψ, we obtain hξ2iJ=ψ ¼ 0.093
as compared to sum rule results 0.083(12) [47] and
0.070(7) [48] and light-front holography prediction
0.096(20) [49] at the scale of μ ¼ mc, indicating a
significantly narrower DA.
Another difference between the ρ and J=ψ LF-LFWFs is

their contribution to Fock-states normalization. The mes-
on’s LFWFs of all Fock-states should normalize to unity in
general, i.e.,

1 ¼
X
λ;λ0

NΛ
λ;λ0 þ HF; ð11Þ

NΛ
λ;λ0 ¼

Z
1

0

dx
Z

dk2T
2ð2πÞ3 jΦ

Λ
λ;λ0 ðx; kTÞj2: ð12Þ

FIG. 1. The LF-LFWF ψ0
ð1Þðx; k2TÞ of ρ (left plot) and J=ψ (right plot) respectively. See Eq. (2) for definition of ψ0

ð1Þðx; k2TÞ.
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The HF refers to higher Fock-states. Our result is listed in
Table I. The NHF is obtained by subtracting unity with the
leading Fock-state contribution. As the DS-BSEs incorpo-
rate many Fock-states by summing up infinitely many
Feynman diagrams, one can see the higher Fock-states
contribute considerably to ρ as compared to J=ψ .

III. DIFFRACTIVE ρ AND J=ψ
ELECTROPRODUCTION

Finally we study the diffractive ρ and J=ψ production
γ�p → Vp with the DS-BSEs based LFWFs. In the dipole
picture, the process takes three steps: the virtual photon first
splits into a color dipole (quark-anti-quark pair), which then
scatters off nucleon via color neutral gluons exchange and
finally recombines into the outgoing vector meson, leaving
the target nucleon intact [50,51]. The scattering amplitude
contains (i) the overlap of virtual photon’s and vectormeson’s
LF-LFWFs and (ii) the amplitude of dipole scattering off a
nucleon. Its revised formula can be found in Refs. [5,52].
We employ the leading order QED result of photon

LF-LFWFs [53]

ψλλ̄;Λ¼0ðQ2Þ ¼ −efe
ffiffiffiffiffiffi
Nc

p
δλ;−λ̄2Qxð1 − xÞK0ðϵrÞ

2π
; ð13Þ

ψλλ̄;Λ¼�ðQ2Þ ¼ efe
ffiffiffiffiffiffiffiffi
2Nc

p
fmfδλ;�δλ̄;�

þ ie�iθr ½∓ xδλ;�δλ̄;∓ � ð1 − xÞδλ;∓δλ̄;��∂rg

×
K0ðϵrÞ
2π

; ð14Þ

with the photon virtuality Q2, the quark mass mf and

ϵ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xð1 − xÞQ2 þm2

f

q
. Their form in the kT-space can

be obtained by Fourier transform with respect to the trans-
verse separation r ¼ ðr cos θr; r sin θrÞ. They were origi-
nally derived within light cone perturbation theory, with
loop corrections available in Refs. [54,55]. Here we remark
that Eqs. (13), (14) can also be derived using our method,
i.e., calculating Eq. (6) with the bare quark propagator and
quark-photon vertex. Naturally, they can be refined by
employing the full quark propagator S and vertex Γμ, as
the solved S and Γμ of RL DS-BSEs exhibit considerable
dressing effect [56]. In another word, the photon splitting
into light qq̄ pair contains not only QED, but also essentially
nonperturbative QCD interactions. Such study is ongoing

within our effort. Nevertheless, at large Q2 and/or mf the
DCSB effect weakens and the dressed propagator and vertex
tend to bare ones. Therefore Eqs. (13), (14) provide a better
approximation in the heavy sector, or in the light sector with
relatively highQ2.Meanwhile, Eqs. (13), (14) inspired some
vector meson LFWFsmodels, such as the BoostedGaussian
model and Gaus-LCmodel [7,51,57–61]. Their photon-like
parametrization satisfies Eqs. (2)–(5), but can not fully
accommodate the DS-BSEs LFWFs as we checked.
As for the dipole-proton scattering amplitude, there were

many successful models [51,62–64]. Here we adopt the
bCGC model [51,64] with parameters determined in
Ref. [65]. Note that in analyzing the updated combined
HERA small-xDIS data, the bCGCmodel favors the current
light quark mass mu=d ¼ ½10−4; 10−2� GeV [65]. Here we
choose the parameter set with mc ¼ 1.27 GeV and sets
mu=d ¼ 5 MeV [65].We note that another parameter set with
mc ¼ 1.4 GeV won’t bring much difference to our results.
In Fig. 2 we show the γ�p center-of-mass energy (W)

dependence of the total cross section σ for fixed Q2.

TABLE I. LFWFs contribution to Fock-states normalization.
See Eq. (12) for definition of N.

N↑;↓ N↓;↑ N↑;↑ N↓;↓ NHF

ρðΛ ¼ 0Þ 0.19 0.19 0.04 0.04 0.54
ðΛ ¼ 1Þ 0.04 0.04 0.24 0.02 0.66
J=ψðΛ ¼ 0Þ 0.44 0.44 0.01 0.01 0.10
ðΛ ¼ 1Þ 0.03 0.03 0.78 ≈0.0 0.16

FIG. 2. Upper panel: diffractive J=ψ electroproduction cross
section obtained using bCGC model and DS-BSEs LF-LFWFs
(solid curves). The dashed curves are 1.1 times the solid curves.
The data is taken from H1 [67] (filled markers) and ZEUS [68]
(empty markers). Note the selected ZEUS data is at Q2 ¼
3.1 GeV2 and 6.8 GeV2. Lower panel: results for ρ (solid
curves). The dashed curves are 1.3 times solid curves. The data
is taken from H1 [69] (filled markers) and ZEUS [70] (empty
markers). Deviation grows when Q2 gets lower than 10 GeV2.
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The upper panel shows our result for J=ψ (solid curves).
They generally lie within error bars. As pointed out in
Refs. [5,66], there could be an up to 50% theoretical
uncertainty in the overall normalization of the cross section,
which originates from the real to imaginary part of the
scattering amplitude ratio correction and in particular the
skewedness correction. We therefore multiply all the solid
curves by a factor of 1.1 and get the dashed curves which
show better overall agreement.
The ρ production poses a greater challenge. Since the

DS-BSEs LF-LFWFs only contribute less than 50% to
the total normalization, they are significantly smaller in
magnitude as compared to phenomenological wave func-
tions that omit higher Fock-states in ρ. Meanwhile as

aforementioned, there is larger uncertainty in the virtual
photon LF-LFWFs concerning γ� → qq̄ as compared to
γ� → cc̄ due to nonperturbative effects at low Q2 [71–73].
In practice, we find agreement with HERA data for
Q2 ≳ 10 GeV2, as shown in the lower panel of Fig. 2.
The deviation from data shows up as Q2 gets lower to
around 10 GeV2 and keeps growing. For instance at
Q2 ¼ 3.3 GeV2, the data points are about twice our
calculation result.
The longitudinal to transverse cross section ratio does

not suffer from the absolute normalization uncertainty. We
compare HERA data with our calculation in Fig. 3. The
quark mass dependence is also examined. Agreement is
found in the case of J=ψ . We also find the solid curve with
mf ¼ 5 MeV goes through more data points than the
dashed curve with mf ¼ 140 MeV for Q2 ≳ 10 GeV2. A
definitive conclusion on the preference ofmf calls for more
data with higher precision in the future.

IV. SUMMARY AND OUTLOOK

We determine the ρ and J=ψ LF-LFWFs by means of the
DS-BSEs approach. Employing the color dipole approach
and without introducing any new parameters, these LFWFs
well reproduce the diffractive ρ and J=ψ electroproduction
data at HERA. This study can be naturally extended to the
eA collisions at future EIC. Simulations (within dipole
approach) [3] suggest that (i) the diffractive vector meson
electroproductions in ep and eA collisions provide good
observables for discriminating between saturation and
nonsaturation phenomenon and (ii) the lighter vector
mesons, such as ρ and ϕ, are more sensitive probes for
gluon saturation. This work paves a new path for obtaining
the LF-LFWFs of light vector mesons and hence helpful for
their diffractive production study at EIC (and potentially
LHeC [75] and EicC [76]) in the future.
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FIG. 3. Longitudinal to transverse cross section ratio of J=ψ
and ρ production at W ¼ 90 GeV. Upper panel: J=ψ data taken
from H1 [67] (filled markers) and ZEUS [68] (empty markers).
Lower panel: ρ data taken from H1 [69,74] and ZEUS [70]. The
lowQ2 region is shaded to indicate where the calculation gets less
applicable. Different quark mass parameters are examined in the
bCGC dipole model.
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