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First characterization of the scattering length distribution
of the vector meson interaction with the deuteron
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Under the framework of the vector meson dominance model, the absolute scattering lengths of light vector
mesons (φ, ω, and ρ) with the deuteron are calculated from the cross sections of vector meson photoproduction
off a deuteron. Additionally, a fitting function is used to predict the scattering lengths of the heavy vector mesons
J/ψ-d and ϒ-d . Based on these results, the distribution of the scattering lengths |αV d | between vector mesons
and the deuteron is presented and compared with the scattering lengths |αV p| between vector mesons and the
proton. It is found that as the mass of the vector meson increases, the scattering lengths |αV d | become closer to
|αV p|. In addition, the correlation analysis indicates a strong positive relationship between the scattering length
and the vector meson radius with a high correlation coefficient. The implications of results are essential for
improving our understanding of the interaction between hadron and nucleus.
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I. INTRODUCTION

The photoproduction of electrically neutral vector mesons
is a strong diffraction process [1], which is similar to elas-
tic scattering due to the same quantum number of incoming
and outgoing particles. The process has been fully inter-
preted through the vector meson dominated model (VMD) [2],
which suggests that photons fluctuate into virtual light vector
mesons and then scatter elastically through the target. The
VMD model is not limited to investigating the photoproduc-
tion of vector mesons from protons, but is also commonly
used to explore the photoproduction of vector mesons off a
deuteron [3–5].

However, when the photon energy is close to the pro-
duction threshold, the pseudoscalar meson exchange of the
t channel can also produce corresponding contributions [6],
which complicates the investigation of photoproduction dy-
namics of vector mesons on a proton target. Additionally, the
complexity at the threshold may result from s-channel nuclear
resonance. Therefore, the photoproduction of vector mesons
off a deuteron can avoid this complexity [7]. ρ and ω are the
most common light vector mesons with a component quark
mass of mu = md = 330 MeV [8]. Investigating the reaction
of deuterons to heavy vector mesons through the scattering
process of ρ- and ω-deuteron interaction can be enlightening.
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The differential cross section of γ d → ρd channel was
first measured by Anderson et al. in 1971 [9]. They mea-
sured the differential cross section of ρ photoproduction off
a deuteron at incident photon energies of 6, 12, and 18 GeV
using the SLAC 1.6 GeV/c spectrometer. Since ρ-d can be
treated as an elastic scattering process, the authors used the
Glauber theory [10,11] which can well describe π -d scatter-
ing [12,13] to study ρ-d . The result showed that the Glauber
theory can well describe the cross section of γ d → ρd chan-
nel in the small t region. In 1974, Benz et al. [1] measured the
cross section of γ d → ρd and γ d → ωd in the incident pho-
ton energy range of 1.00–5.00 GeV at DESY and presented
the effective mass distribution.

In 1997, the VMD model was used to study the photopro-
duction of vector mesons at photon energies of 3–30 GeV and
to explore the space-time evolution of small-size quark-gluon
configurations [5]. This model predicted the differential cross
sections of ρ photoproduction and electroproduction off a
deuteron at different energies. More recently, in 2018, the
CLAS at Jefferson Laboratory (JLAB) [7] measured a new
set of ω photoproduction data off a deuteron at E ∈ (1.4, 3.4)
GeV. Then in 2019, Ref. [14] analyzed these data in detail and
presented a new set of ρ-d differential cross sections at E ∈
(1.4, 3.4) GeV. These experimental data provide a prerequisite
for further investigation of the vector meson-deuteron (V -d )
interaction.

The absolute value of the scattering length characterizes
the strength of the V -d interaction. The scattering length
of vector meson-proton |αV p| interactions has been exten-
sively studied using VMD models [15–22]. In particular, it
has been shown that the scattering length of V -p exhibits an
inverse relationship with the mass (excluding ρ-p), which is
|αV p| ∝ exp ( 1

MV
). In our previous work [18], we extracted the
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scattering length of φ-d (|αφd |) to be 0.014 ± 0.002 fm, which
is about seven times smaller than |αφp|. To further observe
the behavior of scattering lengths of different vector meson
and deuteron interactions, we aim to calculate the scattering
length of more vector meson-deuteron interactions using the
VMD model.

In this study, we focus on calculating the scattering lengths
of ω and ρ mesons interacting with the deuteron. To achieve
this, we utilize the considerable photoproduction cross sec-
tions of ρ-d [14] and ω-d [7] that have been accumulated
through experiments. Furthermore, we also predict the scat-
tering length of heavy vector mesons (J/ψ , ϒ) interacting
with the deuteron. We discuss the implications of our results
based on the size of hadrons and the extent to which they are
embedded in the nucleus.

To provide a clear outline of our work, we first introduce
the VMD model and explain how it is used to associate the
differential cross section of vector meson with the scattering
length in Sec. II. Subsequently, we calculate the scattering
lengths of ω-d and ρ-d and present our predictions for the
J/ψ-d and ϒ-d scattering lengths. Finally, we summarize our
results briefly in Sec. III.

II. THE SCATTERING LENGTH FOR LIGHT VECTOR
MESON-DEUTERON INTERACTION

The scattering of photons and deuterons is an essen-
tial photoproduction process of vector mesons (ω, ρ, and
φ). The VMD model [3–5] provides a unique method to
investigate the γ d → V d channel, where d represents the
deuteron. In Ref. [17], the VMD model connects the differ-
ential cross section of γ p → V p to the scattering length of
vector meson-proton (V -p) interaction. Given the properties
of the VMD model, which also can be used to relate the
V -d interaction scattering length |αV d | with the differential
cross section dσ/dt of vector meson from the deuteron at the
near-threshold [17],

dσ

dt

∣∣∣∣
t=tthr

= π2αem

g2
V |p1|2

· |αV d |2, (1)

where αem is the fine coupling constant, tthr is the production
threshold of vector meson tthr = −M2

V md/(MV + md ) (md is
the mass of the deuteron), and gV is the VMD coupling
constant,

gV =
√

πα2
emMV

3�e+e−
. (2)

FIG. 1. The fitting results between the exponential function
dσ/dt and the experimental differential data [14] of ρ photoproduc-
tion off a deuteron. The error band is the error of slope b, the χ2/d.o.f
= 2.74.

�e+e− is the lepton decay width and MV is the meson mass.
In Eq. (1), |p1| is the initial momentum in the center of mass
frame,

|p1| = 1

2W

√
W 4 − 2

(
m2

1 + m2
2

)
W 2 + (

m2
1 − m2

2

)2
, (3)

and |p3| is the final momentum,

|p3| = 1

2W

√
W 4 − 2

(
m2

3 + m2
4

)
W 2 + (

m2
3 − m2

4

)2
, (4)

where W is the center of mass energy.
We assume that R = |p3|/|p1|, so the differential cross sec-

tion can be written as a function of R, and the relation between
scattering length |αV d | and differential cross section dσ/dt (R)

TABLE I. The R and |αρd | for different center of mass energies W .

W (GeV) 3.02 3.15 3.26 3.38
R 0.73 0.79 0.82 0.85
|αρd | (fm) 0.051 ± 0.007 0.056 ± 0.008 0.060 ± 0.009 0.064 ± 0.009

W (GeV) 3.49 – – –
R 0.87 – – –
|αρd | (fm) 0.068 ± 0.010 – – –
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FIG. 2. The |αρd | derived at different R. The cyan dashed line is
the rms value

√
〈|α2

ρd |〉 = 0.060 ± 0.017 fm. The differential cross
section data of ρ photoproduction is from Ref. [14]. The cyan error
band is the error band of |αρd |.

can be rewritten as

|αV d | = |p3|gV

Rπ

√
1

αem

dσ

dt

∣∣∣∣
t=tthr

. (5)

For ρ mesons, the differential cross sections of γ d → ρd
at E ∈ [1.50, 2.30] GeV (W ∈ [3.02, 3.49] GeV) involved in
Ref. [14] are selected to extract the scattering length |αρd |.
The reason for choosing the interval is that it is closest to
the ρ production threshold Wthr = 2.646 GeV in the avail-
able data. Here, the experimental data are fitted through
a differential form of an exponential function dσ/dt =
A exp (b(t − tthr )) [21] to obtain the dσ/dt |t=tthr , where A and
b are two free parameters. The cross section of ρ photopro-
duction on a deuteron is analyzed through a joint fit, resulting
in values of A = 0.008 ± 0.003 and b = 2.60 ± 0.38 GeV−2,
the value of χ2/d.o.f is calculated as 2.74. The relevant fitting
results are presented in Fig. 1, and the corresponding the
scattering length of ρ-d are shown in Table I.

The |αρd | at different R is shown in Fig. 2 (green squares),
indicating a rising trend as R increases. In order to obtain
an average calculated value, the root mean square (rms) is
calculated. The cyan dashed line shows the rms of these five
values, which is calculated as

√
〈|α2

ρd |〉 = 0.060 ± 0.017 fm.
The error band is the error that takes into account all the
results.

The differential cross sections of γ d → ωd at E ∈
[1.6, 3.1] GeV (W ∈ [3.09, 3.89] GeV) measured by CLAS at
JLAB [7] can be used to extract |αωd |. The empirical formula

FIG. 3. The fitting results between the exponential function
dσ/dt and the experimental differential data [7] of ω photoproduc-
tion off a deuteron. The error band is the error of slope b, the χ2/d.o.f
= 0.44.

dσ/dt = A exp (b(t − tthr )) is also used to make a joint fit to
the experimental data of ω, and A = 4.77 ± 1.64 × 10−4 and
b = 2.69 ± 0.36 GeV−2 are obtained, the χ2/d.o.f is 0.44.
And relevant fitting results are presented in Fig. 3. The varia-
tion of |αωd | with R extracted from the CLAS data [7] is shown
in Fig. 4 (olive green diamond), and the relevant calculation
results are listed in Table II. Furthermore, one also calculates
its rms as

√
〈|α2

ωd |〉 = 0.052 ± 0.019 fm, which is represented
by the purple double dot dashed line in Fig. 4.

At present, we have calculated the absolute value of the
scattering lengths of ρ-d , ω-d , and φ-d . In order to explore
the relation between the mass of vector meson and |αV d |, a
fitting function is obtained by the above results,

|αV d | = exp

[
−8.73 + (4.54 ± 0.30)

1

MV

]
. (6)

As shown in Fig. 5, it is found that the scattering lengths
|αV d | decreases as the mass of the vector meson increases.
However, it should be mentioned that we did not take the value
of |αρd | into account when calculating the fitting function

TABLE II. The |αωd | is obtained from the different center of mass energies W .

W (GeV) 3.09 3.32 3.59 3.89
R 0.76 0.83 0.88 0.91
|αωd | (fm) 0.041 ± 0.006 0.048 ± 0.007 0.055 ± 0.008 0.064 ± 0.009
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FIG. 4. The scattering length of ω-d interaction obtained from
the differential cross section of ω photoproduction off a deuteron
extracted from CLAS at JLAB [7]. The purple double dot dashed
line is the rms value

√〈α2
ωd |〉 = 0.052 ± 0.019 fm. The purple band

represents the error bar of |αωd |.

above. There are two main reasons. One is because |αρd |
itself has a large error. Another reason is that the width of
ρ is much larger than that of other vector mesons [23], which
also leads to inaccuracy in our calculation of ρ-N scattering
length using the VMD model [15]. It is only a coincidence
that the scattering lengths of ρ-d and ω-d are close at present,
and more relevant discussions and modifications to the VMD
model will be continued in the future work.

The J/ψ and ϒ are also two crucial vector mesons that
have been frequently analyzed. Especially J/ψ , as the most

FIG. 5. The scattering length of vector mesons and deuteron
interaction derived by the VMD model. The orange circle is the
scattering length of φ-d taken from our previous work [18]. The olive
green diamond and the dark yellow square are the result of |αωd | and
|αρd |, respectively.

FIG. 6. The scattering length of V -d interaction obtained by
VMD. The burgundy circles for |αϒ p|, |ααφp |, and |αωp| are taken
from Igor’s work [16,19,22]. The result for αφp| represented by the
cyan pentagram is received from Ref. [29]. The notations for |αρd |,
|αωd |, and αφd | are the same as in Fig. 5. The two black diamonds
and purple square are derived from our previous work [15,18,20].
And the two blue triangles are the predicted |αϒd | and αJ/ψd |.

basic cc̄ state, investigating J/ψ-d will lead to the more co-
herent development of charmonium. With the fitted function
Eq. (6), one should predict the |αJ/ψd | = 0.697 ± 0.071 am
and |αϒd | = 0.260 ± 0.084 am. Therefore, we can observe
the scattering length distribution of the interaction between
vector meson and deuteron. The scattering length |αV p| calcu-
lated by the VMD model is recalled, and the results combined
with αV d are summarized in Fig. 6. There exists a realized
phenomenon that the |αV d | is almost an order of magnitude
smaller when compared with the scattering length of meson-
proton |αV p|.

The scattering length calculated by the VMD model is
supposed as the process by which vector mesons are embed-
ded into nucleons or nuclei in physics. The difference in the
radius of the hadron involved in the interaction will influence
the depth and degree of embedding. So these phenomena
should be comprehended in terms of the radius of the hadron.
The radius of the strong interaction and rms for the different
hadron states measured from the experiment [24–26] is listed
in Table III. In addition, it has been shown that the radius of

TABLE III. The experimentally measured the strong interaction
and rms radius of partial hadrons [24–26].

State
Strong interaction

radius (fm)
Root mean square

radius (fm)

Proton 0.82 ± 0.02 [24] 0.83 [25]
Deuteron – 1.953 [26]
ρ 0.72 ± 0.05 [24] –
ω 0.72 ± 0.05 [24] –
φ 0.46 ± 0.02 [24] –
J/ψ 0.20 ± 0.02 [24] –
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FIG. 7. The strength of the correlation between the three features
of 1/mV , vector meson radius, and scattering length is indicated
by the magnitude of the number. The correlation coefficient closer
to 1 indicates a significantly stronger correlation between the two
features.

ϒ obtained by nonrelativistic potential theory is 0.14 fm [27],
which indicates that the larger the mass of the vector meson,
the smaller the radius.

The field of machine learning is rapidly expanding and has
made its way to high energy physics. This technology offers
several benefits to our research, including handling large and
complex data sets, extracting features and patterns from in-
complete and noisy data, and optimizing and enhancing the
performance of physical models and simulations. Unfortu-
nately, without sufficient data, conducting data training and
making accurate predictions is not feasible. Therefore, the
correlation analysis of scattering length, meson radius and
1/mV is only carried out mathematically. Using the “seaborn”
package in the PYTHON programming language, we analyzed
the Pearson correlation [28] of these three features:

r =
∑n

i=1(xi − X̄ )(yi − Ȳ )√∑n
i=1(xi − X̄ )2

√∑n
i=1(xi − Ȳ )2

, (7)

which is shown in Fig. 7. In Eq. (7), xi and yi represent two
columns of data features, X̄ and Ȳ represent the mean of the
two columns of data. The correlation coefficient r between
two features indicates the strength of their relationship. When
the coefficient approaches 1, it means that the relationship
between the features is stronger. We have observed a positive
correlation between the scattering length, radius, and 1/mV .
The correlation between the scattering length and the radius is
stronger than the correlation between the scattering length and
1/mV . The relationship between scattering length and 1/mV

is clearly demonstrated in Fig. 6, highlighting the significance
of the radius of the vector meson in determining the scatter-
ing length result. According to the correlation analysis, there
is a positive correlation between the radius and 1/mV . This
means that as the mass of the vector meson increases, the
radius decreases. Does this mean that the vector meson-proton

(deuteron) interaction process can be assumed to be the pro-
cess of vector meson embedding into proton (deuteron)? The
larger the mass and smaller the radius of the vector meson,
the deeper it is embedded into the proton (deuteron) and the
smaller the scattering length of the interaction.

We attempt to use these three features for further analysis.
However, due to the lack of data, the training of data using
various algorithms could not produce results with practical
significance. Therefore, more theoretical and experimental
results are needed to prompt further analysis.

III. SUMMARY

In this work, the scattering lengths of ρ-d , ω-d , and ρ-d
interactions are investigated under the guidance of the VMD
model. Then, the |αJ/ψd | and |αϒd | are predicted by a func-
tion which is fitted by the result of |αωd | and |αφd |, and the
distribution behavior of the scattering length of the interaction
between vector meson and deuteron is given. A few interest-
ing phenomena are discovered by comparing the scattering
lengths of V -p and V -d interactions.

One finds that the scattering length of vector mesons inter-
acting with protons or deuterons is proportional to a specific
portion of the mass of vector mesons, with the exception of the
scatter length of ρ-p/d . Using the correlation analysis method
in mathematics, we analyzed the correlation between 1/mV ,
radius of vector meson, and scattering length. Our findings
suggest a strong positive correlation between scattering length
and both 1/mV and radius of vector meson, with a high cor-
relation coefficient. In other words, the larger the radius of
the vector meson, the greater the scattering length generated
by its interaction with the proton or deuteron. From this, we
assume that the scattering length is related to the degree to
which vector mesons are embedded in protons or deuterons.
Unfortunately, the lack of available data makes it difficult to
proceed with machine learning for the next training phase.

Furthermore, considering the assumption that the scat-
tering length between heavy vector mesons and nucleus is
smaller than that between light vector mesons and nucleus,
does this imply that the embedding degree between heavy
vector mesons and nucleus is higher, making it easier to form
J/ψN or ϒN combination of pentaquark states [30–33] or
molecular states? Therefore, we suggest that experiments can
strengthen research in this area, such as studying the produc-
tion of pentaquark states in the heavy quark energy region
through hadron-hadron scattering [34], which can effectively
avoid the influence of kinematic singularities in the process
of pentaquark states production through heavy hadron decay.
Our study on the scattering length between vector mesons
and nucleus may provide useful theoretical references for
better understanding the production of pentaquark states or
the binding energy in molecular states [35].

Overall, this work may provide important insights into
the interaction of vector mesons with nucleons or nucleus.
However, the lack of experimental data limits our ability to
draw definitive conclusions, and additional experimental data
on the γ d → V d scattering cross section is needed to further
refine our understanding of this process.
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