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High-statistics total cross sections for the vector meson photoproduction at the threshold: 𝛾𝑝 →
𝜔𝑝 (from A2 at MAMI, ELPH, and CBELSA/TAPS), 𝛾𝑝 → 𝜙𝑝 (from CLAS and LEPS), and
𝛾𝑝 → 𝐽/𝜓𝑝 (from GlueX) allow one to extract the absolute value of vector meson nucleon
scattering length using Vector Meson Dominance (VMD) model. The “young” vector meson
hypothesis may explain the fact that the obtained scattering length value for the nucleon 𝜙-meson
compared to the typical hadron size of approximately ∼ 1 fm indicates that the proton is more
transparent for the 𝜙-meson compared to the 𝜔-meson and is much less transparent than the
𝐽/𝜓-meson. The extended analysis of Υ-meson photoproduction using quasi-data from the QCD
approach is in perfect agreement with the light-meson findings using experimental data.
Future high-quality experiments by EIC and EicC will have the opportunity to evaluate cases for
𝐽/𝜓- and Υ-mesons. It allows one to understand the dynamics of 𝑐𝑐 and 𝑏𝑏̄ production at the
threshold. The ability of J-PARC to measure 𝜋− 𝑝 → 𝜙𝑛 and 𝜋− 𝑝 → 𝐽/𝜓𝑛, which are free from
the VMD model, is considered.
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1. Introduction

There are no vector meson (V) beams, so experiments using modern electromagnetic (EM)
facilities attempt to access vector meson nucleon (VN) interactions via EM production reactions
𝑒𝑝 → 𝑒′𝑉𝑝. Some Vs can, compared to other mesons, be measured with very high precision. This
comes from the fact that Vs have the same quantum numbers as the photon: 𝐼𝐺 (𝐽𝑃𝐶) = 0− (1− −).
It allows us to apply a Vector Meson Dominance (VMD) model, assuming that a real photon can
fluctuate into a virtual V, which subsequently scatters off a target nucleon (Fig. 1) [1–3]. Let us focus

Figure 1: Schematic diagrams of vector-meson photoproduction (left) and the VMD model (right)
in the energy region at threshold experiments.

on 4 Vs (𝜔, 𝜙, 𝐽/𝜓(1𝑆), and Υ(1𝑆)) from 𝑞𝑞 nonet, the widths of which are narrow enough to study
meson photoproduction at threshold and where data and quasi-data are available. To avoid a broad
width problem at threshold, we are not considering the 𝜌-meson case to determine VN scattering
length (SL). Furthermore, we will ignore, for example, 𝜓′(2𝑆) due to the difference between the
1𝑆 and 2𝑆 states due to “zero” in radial wave functions (WFs). Unfortunately, we cannot go above
Quarkonium or Υ, whose quark content is 𝑏𝑏̄. The problem is that actually the Toponium (𝑇 (1𝑆)),
whose quark content is 𝑡𝑡, does not exist. It is due to a large mass of the Theta meson and the
𝑡-quark decays faster than the quarks form the Theta meson.

2. Vector Meson Nucleon Scattering Length

Due to the small size of “young” V vs “old” one, measured and predicted SL is very small.
V created by the photon at the threshold, then most probably V is not completely formed and its
radius is smaller than that of normal (“old” ) V [4]. Therefore, a stronger suppression for the Vp
interaction is observed (Fig. 2). 𝑝 → 𝑉 coupling 𝑞𝑞 is proportional to 𝛼𝑆 and the separation of the
corresponding quarks. This separation (with a zero approximation) is proportional to 1/𝑚𝑉 , where
𝑚𝑉 is the mass of V.

Small positive or negative VN SL may indicate a repulsive or attractive VN interaction if there
is no VN bound state below experimental q𝑚𝑖𝑛 (here, q𝑚𝑖𝑛 is the V center-of-mass momentum),
see Table 1. For evaluation of the absolute value of VN SL, we apply the VMD model that links
the near-threshold photoproduction cross sections of 𝛾𝑝 → 𝑉𝑝 and elastic 𝑉𝑝 → 𝑉𝑝. Finally, the
absolute value of the VN SL can be expressed as a product of the kinematic factor motivated by
the pure VMD of the EM (𝑉 → 𝑒+𝑒− decay [17] - see Table 1) and the hadronic factor determined
by the interaction of strong (hadronic) dynamics and EM (via fit of the total cross sections, 𝜎𝑡 , of
the reactions 𝛾𝑝 → 𝑉𝑝 by a series of odd powers in 𝑞) [14, 15].1 Dramatic differences in hadronic

1To avoid theoretical uncertainties, we did not (i) determine the sign of SL, (ii) separate real and imaginary parts of
SL, and (iii) extract spin 1/2 and 3/2 contributions.
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Figure 2: Comparison of the |𝛼𝑉 𝑝 | SLs estimated from threshold V photoproduction on the
proton target with VMD model contribution vs the inverse mass of the Vs. Input data for
phenomenological analyses came from A2 at MAMI (magenta filled circle) [5], ELPH (black
filled triangle) [6], and CBELSA/TAPS (black open square) [7] Collaborations for the 𝜔-meson;
CLAS (blue filled diamond) [8] and LEPS (green filled square) [9, 10] Collaborations for the
𝜙-meson; and GlueX (red filled star) [11] Collaboration for the 𝐽/𝜓-meson; and quasi-data from
Center for Nuclear Femtography (brown open star) [12] for the Υ-meson. Analyses results for
𝜔-meson is given at Refs. [5, 6, 13]; for 𝜙-meson is given at Refs. [13, 14]; for 𝐽/𝜓-meson is
given at Ref. [15]; and for Υ-meson is given at Ref. [16]. The black dashed line is hypothetical
following |𝛼𝑉 𝑝 | ∝ 1/𝑚𝑉 .

Table 1: The decay Γ(𝑉 → 𝑒+𝑒−) from PDG2024 [17] (second column). The third column showed the
minimal momentum q𝑚𝑖𝑛 for V in photoproduction experiments on the proton target and the source of data.
The fourth column showed Vp SLs, |𝛼𝑉 𝑝 |, and the sources of results.

Meson Γ(𝑉 → 𝑒+𝑒−) q𝑚𝑖𝑛 |𝛼𝑉 𝑝 |
(keV) (MeV/c) (fm)

𝜔(782) 0.60±0.02 49 [5] 0.82±0.03 [5]
0.97±0.16 [6]

0.811±0.019 [13]
𝜙(1020) 1.27±0.04 216 [8] 0.063±0.010 [14]

0.109±0.008 [13]
𝐽/𝜓(1𝑆) 5.53±0.10 230 [11] (3.08±0.55)×10−3 [15]
Υ(1𝑆) 1.340±0.018 521 [12] (0.51±0.03)×10−3 [16]

factors as slopes of 𝜎𝑡 at the threshold as a function of 𝑞 vary significantly from 𝜔 to 𝜙 to 𝐽/𝜓 and
to Υ (Fig. 3). Therefore, such a big difference in SL is determined mainly by the hadronic factor.
The list of SLs (Fig. 2) is given in Table 1.

A number of previous theoretical results (including potential approaches and LQCD calcula-
tions) gave much larger SLs. Most probably such large SL results from large distances in the tail of
the van der Waals potential that in QCD should be killed by confinement [18].

There is no alternative to the VMD application to get VN SL from the vector meson photo-
production [19, 20]. A possible alternative is to develop a sophisticated, nonperturbative reaction

3
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Figure 3: The total 𝛾𝑝 → 𝑉𝑝 cross section 𝜎𝑡 derived from the A2 at MAMI (magenta open
circles) [5], CLAS (blue filled circles) [14], and GlueX (red filled triangles) [15], data, and
EIC/EicC (yellow filled stars) quasi-data [16] is shown as a function of the center of mass
momentum 𝑞 of the final-state particles. The vertical (horizontal) error bars represent the total
uncertainties of the data summing statistical and systematic uncertainties in quadrature (energy
binning which we did not use in our fits). Solid curves are the fits of the data .

theory that can explain 𝑞𝑞 scattering from hadron targets into vector meson final states. To estimate
theoretical uncertainty related to the VMD model, one refers to the estimation of the cross section of
𝐽/𝜓 photoproduction in the peripheral model and finds strong energy dependence close to threshold
because non-diagonal 𝛾𝑝 → 𝑉𝑝 and elastic𝑉𝑝 → 𝑉𝑝 must have larger transfer momenta vs elastic
scattering. It results in violation of VMD by a factor of 5 [21]. Independently, color factor for
Charmonium is 1/9 while for open charm it is 8/9 [22].

In a recent study, the effect of the VMD assumption was studied in the formalism of Dyson-
Schwinger equations, which one can consider as an alternative interpretation of the “young age”
effect in another (more formal) language [23].

3. Recent Results for Vector Mesons Nucleon SL

One can see a high-energy experimental and LQCD activity addressed to the vector mesons (𝜙
and 𝐽/𝜓) nucleon SLs.

3.1 High Energy Data for 𝜙𝑁 SL

Recently, the ALICE Collaboration has deduced spin-averaged 𝜙𝑁 SL from the two-particle
momentum correlation function [24]. The attractive value is close to ∼ 1 fm (𝛼𝜙𝑁 = [(0.85 ±
0.48) + 𝑖(0.16±0.19)] fm.) In fact, ALICE is doing two-particle correlations of combined pairs 𝑝𝜙
and 𝑝𝜙 measured in high multiplicity in 𝑝𝑝 collisions at 𝑊 = 13 TeV. In addition, the final-state
interaction (FSI) correlation C(k) depends on the production mechanism. Then, ALICE assumes
that the protons and 𝜙-mesons are produced independently at the ∼ 1 fm distance. Another problem
is that it is practically impossible to observe 𝑝𝜙 (or any pV) correlation (with very small 𝑝𝜙 energy,
i.e., near threshold) at CERN (with ALICE or another detector).
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The alternative analysis was reported by several members of the ALICE Collaboration for two
models: 𝛼𝜙𝑝 = [0.272 ± 𝑖0.189] fm (pure theoretical) and 𝛼𝜙𝑝 = [(−0.034 ± 0.035) + 𝑖(0.57 ±
0.09)] fm (bootstrap model) [25]. Let us not discuss reasons for differences in results that came from
the analyses of the same high-energy 𝑊 = 13 TeV data and why the alternative analysis reported
𝑅𝑒𝑆𝐿 ∼ 𝐼𝑚𝑆𝐿, or even 𝑅𝑒𝑆𝐿 << 𝐼𝑚𝑆𝐿, or why this treatment required a contribution from
unknown 𝑁∗(1700) [17]. Obviously, femtoscopic data (used in this analysis) are not sufficiently
precise to provide new information for SL (besides, this femtoscopic data is affected by many other
effects). Most probably, the radius of an event with 𝑝𝜓 production is NOT equal to that measured
via average 𝜋𝜋 Bose-Einstein correlations [26–28].

3.2 LQCD results for 𝜙𝑁 SL

Using (2 + 1)-flavor lattice QCD simulations with nearly physical quark masses, HAL Col-
laboration has simulated the 𝑁𝜙 scattering process for the spin 3/2 channel 𝛼 (3/2)

𝜙𝑁
= [−1.43 ±

0.23+0.36
−0.06] fm [29]. The results are compatible with the recent ALICE data [24]. Instead of the

𝜙 photoproduction process, the authors simulated the 𝜙𝑁 elastic scattering reaction. 𝜙𝑁 sys-
tem is assumed to be “on lattice” and this result is but a “numerical experiment.” Using lattice
calculations for the spin 3/2 𝜙𝑁 interaction by HAL Collaboration is used to constrain the spin
1/2 counterpart from the fit of the experimental correlation function 𝜙𝑝 measured by ALICE:
𝛼
(1/2)
𝜙𝑁

= [−(1.54+0.53
−0.53

+0.16
−0.09) + 𝑖(0.00+0.34

−0.00
+0.16
−0.00)] fm [30]. The corresponding SL is compatible with

recent spin 3/2 results by the HAL [29] and ALICE [24] results. The combination of HAL’s spins
3/2 and 1/2 gives a huge 𝑝𝜙 SL (𝛼𝑉𝑁 = (2𝛼3/2

𝑉𝑁
+ 𝛼1/2

𝑉𝑁
)/3), which is much larger than the size of

the hadron. Let us note, negative sign for both 3/2 and 1/2 components of 𝜋𝑁 SL depends on the
definition [31].

3.3 Model Dependent Analysis for 𝐽𝜓𝑁 SL

The suggested approach can be employed to evaluate the 𝐽/𝜓-nucleon SLs, replacing the
photon by a 𝐽/𝜓-meson in Fig. 4. The results then appear to have the order of several units of
mfm, 𝛼 (𝐽=1/2)

𝐽𝜓𝑁
= 0.2...3.1 mfm and 𝛼 (𝐽=3/2)

𝐽𝜓𝑁
= 0.2...3.0 mfm, where 𝐽 corresponds to the total

angular momentum of the 𝐽/𝜓-nucleon system [32]. These numbers are comparable with our
phenomenological estimation of the 𝐽/𝜓𝑝 SL from the GlueX data using the VMD model [15].

Figure 4: Feynman diagram for the proposed 𝑐𝑐 mechanism. The dashed blue line pinpoints the
open-charm intermediate state.
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3.4 LQCD results for 𝐽𝜓𝑁 SL

Recently, HAL Collaboration reported 𝛼 (1/2)
𝐽/𝜓𝑁

= [0.38 ± 0.04+0.00
−0.031 fm and 𝛼 (3/2)

𝐽/𝜓𝑁
= [0.30 ±

0.02+0.00
−0.02] fm [33]. Instead of 𝑉𝑝 → 𝑉𝑝 as they did for the 𝜙 case, they did (𝑐𝑐)𝑝 → (𝑐𝑐)𝑝.

Different signs between 𝜙𝑁 and 𝐽/𝜓𝑁 SLs in HAL’s calculations cannot cause a problem because
the sign depends on the definition [31]. But I do not see/know an explanation for the difference in
𝐽/𝜓 SLs between HAL [33] and our phenomenological results [15].

4. J-PARC Pion Induced Measurements

There are no threshold total cross sections for 𝜋−𝑝 → 𝜙𝑛 and 𝜋−𝑝 → 𝐽/𝜓𝑛 measurements,
while theoretical extrapolation does not allow us to get an estimation for vector meson neutron SL
(see, for instance, Refs. [34, 35]). Let us note that following Ref. [35], the cross section difference
between 𝜋−𝑝 → 𝜙𝑛 and 𝜋−𝑝 → 𝐽/𝜓𝑛 has a factor of 106.

Actually, J-PARC is able to measure both 𝜋−𝑝 → 𝜙𝑛 [36] and 𝜋−𝑝 → 𝐽/𝜓𝑛 [37] at the
threshold. That is important to help solve a puzzle for VN SL, specifically, that analyses of these
data are free from the VMD model. Crucial point for the 𝜋−𝑝 → 𝑉𝑛 case (as J-PARC will measure)
is that the photon creates/produces 𝑞𝑞 pair at POINT while in the pion case we deal with two quarks
separated one from another at the beginning.

Depending on the production mechanism for 𝐽/𝜓, the polarization of 𝐽/𝜓 could change. For
example, some production mechanisms are expected to produce a largely unpolarized 𝐽/𝜓 (such
as inclusive production), while other mechanisms can produce a polarized 𝐽/𝜓 (such as exclusive
production or threshold production). For example, when the NuSea Collaboration measured the
polarization of 𝐽/𝜓 produced in the Fermilab 𝑝𝐴 inclusive production at 800 GeV beam energy, they
found that 𝐽/𝜓 is somewhat polarized, but much less polarized than the Drell-Yan di-leptons [38, 39].
Many studies on the 𝐽/𝜓 (or in general, quarkonium production) polarization have also been
performed at collider energies.

5. Conclusion

“Young” hypothesis may explain the fact that the obtained SL value for the 𝜙 -meson nucleon
compared to the typical hadron size of 1 fm indicates that the proton is more transparent for the
𝜙-meson compared to the 𝜔 -meson and is much less transparent than 𝐽/𝜓, and Υ-meson. Future
high-quality experiments by EIC and EicC will have the opportunity to evaluate physics for 𝐽/𝜓
and Υ-mesons. It allows us to understand the dynamics of 𝑐𝑐 and 𝑏𝑏̄ production at threshold.
The ability of J-PARC to measure 𝜋−𝑝 → 𝜙𝑛 and 𝜋−𝑝 → 𝐽/𝜓𝑛 at VMD-free thresholds is an
important input in phenomenology (PWA). Polarized measurements are an important contribution
for model-independent PWA.
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