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Abstract7

We use photoproduction of ω mesons off complex nuclei to study interactions of transversely and8

longitudinally polarized vector mesons with nucleons. Whereas the total cross section for interac-9

tions of the transversely polarized vector mesons with nucleons σT = σ(VTN) can be obtained from10

coherent photoproduction, measurements of vector meson photoproduction in the incoherent region11

provide a unique opportunity to extract the yet unmeasured total cross section for longitudinally12

polarized mesons σL = σ(VLN). The predictions for the latter strongly depend on the theoretical13

approaches. This work is stimulated by the construction of the new experiment GlueX at Jefferson14

Lab, designed to study the photoproduction of mesons in the beam energy range between 5 GeV15

and 12 GeV.16
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I. INTRODUCTION18

For particles with nonzero spin, such as vector mesons V (ρ, ω, ϕ), interactions with19

nucleons are represented by a set of polarization-dependent amplitudes and can result in20

different cross sections for transversely and longitudinally polarized vector mesons with21

nucleons. The meson-nucleon cross sections can be extracted by measuring the absorption22

of mesons in production off nuclei. We study the feasibility to measure the total cross23

sections for interactions of transversely and longitudinally polarized vector mesons with24

nucleons in the coherent and incoherent photoproduction of mesons off nuclei. The coherent25

photoproduction is described by the γA → V A process, where the nucleus A remains in26

its ground state. The incoherent production is given by the γA → V A′ reaction, where A′
27

denotes the target excitation or its break-up products.28

The first indication that interaction of a vector meson V (ρ, ω, ϕ) with a nucleon can de-29

pend on the meson polarization comes from the ρ electroproduction data. The ratio of pro-30

duction cross sections for a proton target can be represented as R = σ(γLp → ρLp)/σ(γTp →31

ρTp) = ξ2 Q2

m2
ρ
, where the parameter ξ corresponds to the ratio of the longitudinal to trans-32

verse ρ0 total cross sections ξ = σL(ρp)/σT (ρp). The value of ξ obtained from measurements33

is ξ ≈ 0.7 [1], while the naive quark model predicts equal cross sections σL(ρp) = σT (ρp).34

The calculations of the valence quark distribution in hadrons based on the generalized35

QCD sum rules technique [2, 3] suggests that the meson polarization can impact interactions36

with nucleons. In this approach the valence quarks distribution in transversely and longi-37

tudinally polarized vector mesons are significantly different. In the longitudinally polarized38

vector meson 80% of the momentum is carried by valence quarks, leaving only about 20% of39

the momentum for gluons and sea quarks, which are responsible for strong interactionss [3].40

This results in a dependence of interactions on meson polarization. According to recent41

calculations [4, 5], light-cone wave functions of the ρ meson computed in the AdS/QCD42

approach [6] have significantly different dependence on the light cone momentum for longi-43

tudinal and transverse polarizations, which would lead to different interactions of polarized44

mesons with nucleons [7].45

Dependence of vector particle interactions on the particle’s polarization has been known46

for many years in the case when the constituents of the particle are in the D-wave state.47

A good example of such effect is the deuteron interaction with matter [8]. The D-wave48
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component in the deuteron wave function leads to different absorption in matter for trans-49

versely and longitudinally polarized deuterons. This effect was experimentally measured50

and described in Ref. [9]. There are also predictions that the interaction of mesons with51

nonzero orbital momentum with nucleons is strongly correlated with the meson polarization52

[10, 11]. For the ground-state S-wave vector mesons (ρ, ω, ϕ) the D-wave component in their53

wave functions can emerge as a result of the Lorentz transformation [12].54

The only attempt to study the impact of the vector meson polarization on its absorption55

was made many years ago [13] using the charge exchange reaction π− + A → ρ0 + A′.56

Incoherent cross sections and polarizations of ρ mesons were measured for different nuclear57

targets. At first glance the experimental data supported the assumption that σT (ρN) =58

σL(ρN). However, there are reasons against such a conclusion. It was shown [14] that due59

to the low energy of the primary beam (Eπ = 3.7 GeV) and the large decay width of the ρ60

meson some mesons decay inside the nucleus, which complicated the interpretation of the61

experimental data.62

II. PHOTOPRODUCTION OF ω MESONS63

In the early 70’s many experiments were carried out to study photoproduction of vector64

mesons on nuclei [1]. These experiments had two main goals:65

• Extraction of vector meson-nucleon total cross sections σ(V N) in order to check quark66

model predictions.67

• Verification of the vector dominance model (VDM) and finding the limits of its validity.68

The first ω photoproduction experiments at high energies using a large set of nuclei69

were carried out by the Rochester group at Cornell [16, 17] and the Bonn-Pisa group at70

DESY [18]. The mean photon energies used at Cornell were 6.8 GeV and 9.0 GeV. The ω71

mesons were detected via the 3π decay mode. The Bonn-Pisa group used beam photons with72

a mean energy of 5.7 GeV. The ω mesons were reconstructed using the π0γ decay mode.73

Both experiments confirmed the quark model prediction: σ(ωN) = σ(ρN) = (σ(π+N) +74

σ(π−N))/2, but the measured value of the photon-omega coupling constant f2
ω

4π
was much75

higher than the storage ring results and SU(3) predictions [1]. A later experiment at a mean76

energy of 3.9 GeV was performed at the electron synchrotron NINA at Daresburry [19]. The77
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nuclear absorption of ω mesons was found to be in agreement with the previous experiments.78

The value of f2
ω

4π
extracted from the experimental data was consistent with the predictions of79

SU(3) although with large experimental errors. The discrepancies in the measured value of80

the coupling constant were still not resolved. The total cross section σ(ωN) was extracted81

from the coherent part of the photoproduction cross section, whereas the incoherent part82

was considered to be a background.83

Recently, the photoproduction of omega mesons was measured at the CBELSA/TAPS [20]84

experiment via the decay ω → π0γ and at the E01-112 experiment at Jefferson Lab [22] us-85

ing the rare electromagnetic decay ω → e+e−. The main goal was to investigate the impact86

of the nuclear environment on the vector mesons mass, decay width, and meson absorption.87

In order to have a significant fraction of the mesons decay in the nuclei, the energies of88

the detected mesons were restricted to 1-2 GeV, where the large contribution from nucleon89

resonances complicates the interpretation of experimental results [23]. The E01-112 exper-90

iment observed a significantly stronger absorption of the ω meson than that measured by91

the CBELSA/TAPS collaboration. Both experiments obtained a relatively large in-medium92

width of ω mesons, which disagrees with measurements of the KEK-E325 experiment [21],93

where ω mesons were produced using a 12 GeV proton beam. The KEK-E325 collaboration94

also reported the ω-meson mass shift, which is not confirmed by the CBELSA/TAPS and95

E01-112 experiments. Disagreements between the experimental measurements are not fully96

understood.97

In all these experiments no attempt was done to separate absorption of transversely98

and longitudinally polarized omega mesons. This effect can potentially be studied using99

the GlueX detector in Hall D [24], the new experimental facility constructed at Jefferson100

Lab. The Hall D facility provides a photon beam produced by 12 GeV electrons using the101

bremsstrahlung process. The experiment will allow to study photoproduction of mesons by102

reconstructing both neutral and charged final states in the beam energy range between 5103

GeV and 12 GeV. Photoproduction of ω mesons on nuclear targets in the GlueX kinematic104

region is a unique way to study the dependence of the strong interaction on the polarization105

of vector mesons. The reasons are as follows:106

• Photoproduction of ω mesons on nucleons γN → ωN at the photon energies of sev-107

eral GeV is determined by t-channel Pomeron exchange (diffraction, natural parity108

exchange ) and one-pion-exchange (unnatural parity exchange). The pion exchange109
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leads to production of longitudinally polarized ω mesons, unlike the diffraction pro-110

cess, which results in the production of transversely polarized mesons due to s-channel111

helicity conservation. The contributions from the diffraction and pion exchange are112

almost equal at a photon energy of Eγ = 5 GeV [1]. Measuring the ω meson produc-113

tion at different energies would provide data samples with different contributions of114

the longitudinally polarized ω mesons.115

• In the coherent photoproduction the unnatural exchange part of the elementary am-116

plitude cancels out since in the coherent processes the amplitudes for interactions with117

protons and neutrons are added with the opposite signs. Therefore, from the coherent118

photoproduction one can extract only the total cross section of transversely polarized119

vector mesons on nucleons.120

• In the incoherent photoproduction the cross section on the nucleus is the sum of the121

photoproduction cross sections on individual nucleons. As a result ω mesons with122

both polarizations can be produced 1. This can be used to study the interaction of123

longitudinally polarized vector mesons with matter [15].124

The coherent and incoherent photoproduction of ω mesons will be described in Section 3125

and Section 4.126

III. COHERENT PHOTOPRODUCTION127

Coherent photoproduction of vector mesons on nuclear targets128

γ + A → V + A (1)129

has been studied for many years and is well described by Glauber multiple scattering the-130

ory [1]. The invariant momentum transfer q in the process (1) can be expressed through131

the minimum longitudinal momentum qL and the two dimensional transverse momentum ~q⊥132

1 In this paper we define the polarization in the helicity reference frame.
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defined as:133

t ≡ (k − p)2 ≃ −(
m2

V

2k
)2 − 4|~k| |~p| sin2 θ

2
for MA ≫ k ≫ mV134

q2L ≡ −(
m2

V

2k
)2135

~q⊥
2 ≡ −4|~k| |~p| sin2 θ

2
, (2)136

where k and p are the momenta of the beam photon and the vector meson, respectively, mV137

is the meson mass, and MA is the mass of the nucleus. For the coherent reaction the nuclear138

target remains in the ground state after the meson is produced. The production amplitude139

of the vector meson with helicity λ = 0,±1 on the nucleus can be presented as140

F λ(q⊥, qL) = fλ
N(0) F

λ
A(q⊥, qL)141

F λ
A(q⊥, qL) =

∫

d2b dz ei(qLz+~q⊥~b) ρ(b, z) exp{−
βλ

2

∫ ∞

z

dz′ ρ(b, z′)} (3)142

Here fλ
N (0) is the diffractive part of the photoproduction amplitude of the vector meson143

on the nucleon in the forward direction (θ = 0), F λ
A(q⊥, qL) is the nuclear form factor144

modified by the meson absorption, and ~b is the impact parameter. The nucleon density145

ρ(b, z) is normalized to the atomic weight
∫

ρ(b, z)d2bdz = A. The complex parameter146

βλ = σλ
V (1− iαλ

V ) is related to the total meson-nucleon cross section σλ
V and the ratio of the147

real to imaginary parts of the forward meson-nucleon scattering amplitude αλ
V .148

The coherent amplitude represents a sum of photoproduction amplitudes on individual149

nucleons. For isoscalar nuclei, the contribution to the coherent process from pion exchange150

can be neglected because the interaction amplitudes of a particle with isotopic spin one with151

protons and neutrons have the opposite signs and cancel out2. The coherent production is152

dominated by the Pomeron exchange mechanism, where the photon helicity is preserved at153

small momenta transfer (s-channel helicity conservation), i.e., transverse photons (λ = ±1154

in the helicity frame) produce only transversely polarized vector mesons. The differential155

cross section of the coherent process can be written as follows:156

ρAλλ′
dσA

dt
= ρλλ′f

∗λ
N (0)fλ′

N (0)F ∗λ
A (q⊥, qL)F

λ′
A (q⊥, qL), (4)157

where ρAλλ′, ρλλ′ are vector meson spin density matrix elements for production on nuclei and158

nucleons, respectively. Using the relation between the diagonal elements of the spin density159

2 For nuclei with unequal numbers of protons and neutrons, small corrections can be taken into account.
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matrix ρ00 + ρ11 + ρ−1−1 = 1 we obtain the well known expression [1] for the coherent160

photoproduction of vector mesons:161

dσA

dt
= | FA(q⊥, qL, σT ) |

2 dσN

dt

∣

∣

∣

∣

t=0

(5)162

The study of the coherent photoproduction of ω mesons allows one to obtain the cross section163

of interactions of transversely polarized ω mesons with nucleons3 σT and to determine the ω164

photoproduction cross section on nucleons at zero angle for natural parity exchange, dσN

dt

∣

∣

t=0
,165

which can be expressed in the vector dominance model as166

dσN

dt

∣

∣

∣

∣

t=0

=
4π

γ2
ω

α

64π
σ2
ω(1 + α2

ω), (6)167

where γ2
ω

4π
is the ω - photon coupling constant, α is the fine structure constant, σω is the total168

σ(ωN) cross section, and αω is the ratio of the real to imaginary parts of the ωN → ωN169

amplitude.170

The cross section dσN

dt

∣

∣

t=0
can be independently measured in ω photoproduction on nucle-171

ons using linearly polarized photons [26]. The photon polarization allows one to distinguish172

contributions from natural and unnatural parity exchange production mechanisms. The173

beam of polarized photons used by the GlueX experiment will provide an opportunity to174

measure the photoproduction cross section dσN

dt

∣

∣

t=0
of ω mesons on both nuclei and nucleons175

and consequently to extract the ω - photon coupling constant. GlueX results are expected176

to help to sort out the contradictions in the measurements of the photon - omega coupling177

constant by the previous experiments and the SU(3) symmetry predictions [16, 18, 19, 27].178

IV. INCOHERENT PHOTOPRODUCTION179

We consider photoproduction of ω mesons with different polarizations on nuclei in the180

reaction181

γ + A → ω + A′, (7)182

where A′ denotes the nuclear target excitation or the target break-up products. The incoher-183

ent photoproduction can be measured in the typical momentum transfer range 0.1 GeV2 <184

3 The authors of the work [18] used an angular distribution 1+cos2θ for the decay mode ω → π0γ assuming

the transverse polarization of ω mesons in both coherent and incoherent photoproduction. This assumption

is, strictly speaking, correct only for the coherent photoproduction.
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|t| < 0.5 GeV2, where the Glauber multiple scattering theory can be applied4. Two ap-185

proaches based on the Glauber multiple scattering theory can be used to describe incoherent186

photoproduction.187

• The first model has been known for many years [28] and was widely used [18, 30, 31].188

In this model, ω mesons are produced on a nucleon with the momentum transfer q and189

subsequently interact with the nuclear medium. We generalized this approach to account190

for potentially different absorptions of transversely and longitudinally polarized mesons. The191

cross section of the process (7) can be written as:192

dσA(q)

dt
=

dσ0(q)

dt
(ρ00N(σL) + (1− ρ00)N(σT ))193

N(σ) =

∫

1− exp(−σ
∫

ρ(b, z)dz)

σ
d2b,194

(8)195

where dσ0(q)/dt is the differential cross section of the ω meson photoproduction on nucleon,196

σT,L is the total ω-nucleon cross section for longitudinally and transversely polarized mesons,197

and ρ00 is the ω meson spin density matrix element corresponding to the fraction of longi-198

tudinally polarized ω mesons. If σT = σL the nuclear transparency has the well known form199

Aeff = dσA

dt
/dσ0(q)

dt
= N(σ). Spin density matrix elements for photoproduction on nuclei ρA00200

and nucleons ρ00 are related as201

ρA00 =
N(σL)

ρ00N(σL) + (1− ρ00)N(σT )
ρ00 (9)202

For σT = σL, ρ
A
00 = ρ00. For σT 6= σL, ρ

A
00 depends on the nuclear mass number A.203

• A second approach to characterize incoherent photoproduction takes into account the204

interference of two amplitudes in the photoproduction process: production of a vector meson205

on one of the nucleons in the nucleus and production of the vector meson on the nucleon in206

the forward direction with subsequent scattering of the meson on another nucleon acquiring207

transverse momentum [29]. A similar interference effect takes place in incoherent electro-208

production of vector mesons and has to be taken into account in the studies of color trans-209

parency, i.e., weakening of vector meson absorption in nuclei with the increase of the mass of210

the virtual photon Q2. Studies of the color transparency are complicated by the dependence211

4 At smaller momenta one has to take into account the suppression due to the exclusion principle (see e.g.

[32]), while for a larger momentum transfer it is necessary to consider incoherent multiple scattering of ω

mesons.

8



of the incoherent cross section on the energy ν via the coherence length lc =
1
qL

= 2ν
Q2+m2

V

,212

leading to a decrease of the incoherent cross section at higher energies [34–36]. Taking213

ω meson polarization into account, the incoherent cross section on nuclei is given by the214

expression:215

ρAλλ′

dσA(q)

dt
=

∫

d2b dz ρ(b, z)φ∗λ(b, z)φλ′

(b, z)216

φλ(b, z) = fλ
p (q) exp{−

βλ

2

∫ ∞

z

dz′ρ(b, z′)}217

−
2π

ik
fλ
p (0)f

λ
s (q)

∫

dz′ ρ(b, z′)eiqL(z
′−z) exp{−

βλ

2

∫ ∞

z′
dz′′ ρ(b, z′′)},218

(10)219

where fλ
p (q) and fλ

s (q) are the amplitudes of the ω meson photoproduction on a nucleon220

(γN → ωN) and the elastic scattering (ωN → ωN), respectively. Assuming the same t-221

slopes for the elementary amplitudes fp(q) and fs(q) the incoherent cross section for the222

diagonal elements (λ = λ′ = 0,±1) of the spin density matrix can be written as:223

ρAλλ
dσA(q)

dt
= ρλλ

dσ0(q)

dt

∫

d2b dz ρ(b, z) | φλ(b, z) |2224

φ0(b, z) = exp{−
σL

2

∫ ∞

z

dz′ ρ(b, z′)}225

φ±1(b, z) = exp{−
σT

2

∫ ∞

z

dz′ ρ(b, z′)}226

−
σT

2

∫ z

dz′ ρ(b, z′)eiqL(z
′−z) exp{−

σT

2

∫

z′
dz′′ ρ(b, z′′)}227

(11)228

As can be seen the cross section for longitudinally polarized mesons does not depend on229

energy (φ0 does not depend on qL). There is no energy-dependent contribution to the230

production cross section from the amplitude interference effect because the photoproduction231

amplitude of longitudinally polarized mesons at zero angle is zero. The interference is present232

in the photoproduction of transversely polarized ω mesons. Similar to equations (8) and233

(9) the incoherent cross section and the spin density matrix element ρA00 for longitudinally234

polarized ω mesons can be written as235

dσA(q)

dt
=

dσ0(q)

dt
(ρ00N(σL) + (1− ρ00)W (qL, σ))236

W (qL, σ) =

∫

ρ(b, z) | φ±1(b, z) |2 d2bdz237

ρA00 =
N(σL)

ρ00N(σL) + (1− ρ00)W (qL, σT )
ρ00 (12)238
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In the limit of small photon energies, the term W (qL, σT ) approaches N(σT ) from Eq.(8).239

The nuclear transparency Aeff = dσA

dt
/dσ0(q)

dt
as a function of the mass number is presented240

in Fig. 1 for two photon beam energies of 5 GeV and 9 GeV. The value of the transverse241

ω-nucleon cross section is set to σT (ωN) = 26 mb according to the measurements in coherent242

production [18]. We used the spin density matrix element ρ00 = 0.2 in the helicity frame as243

measured in photoproduction on nucleons [26]. The transparency is computed assuming the244

same ω-nucleon cross sections for the transversely and longitudinally polarized mesons σL245

= σT = 26 mb, and two times smaller, σL = 13 mb. Two boundary conditions, denoted by246

Aeff(∞) and Aeff(0), correspond to infinite beam energy and the energy-independent nuclear247

transparency given by Eq. 8. The A-dependence of the density matrix element ρA00 on nuclei248

for σL = 13 mb and σL = 26 mb and various beam energies is shown in Fig. 2. The boundary249

conditions are denoted by ρ(∞) and ρ(0). Fig. 3 presents the nuclear transparency Aeff and250

the density matrix element ρA00 as a function of the σL for the lead nucleus target. For the251

nuclear density we adopt the Woods-Saxon parametrization:252

ρ(r) = ρ0
1

1 + exp( r−R
c
)
, (13)253

with R = 1.12A1/3 and c=0.545 fm.254

V. SUMMARY255

We discussed the motivation for ω meson photoproduction measurements on nucleons and256

different nuclei in the energy range 5 GeV < Eγ < 12 GeV in the experimental Hall D at at257

Jefferson Lab. Coherent photoproduction of ω mesons on nuclei allows one to extract the258

total cross section of the interaction of transversely polarized vector mesons with nucleons259

σT (ωN) and to measure the vector dominance model ω-photon coupling constant. The260

coupling constant can be independently obtained by measuring photoproduction of ω mesons261

on nucleons using the Hall D beam of linearly polarized photons. These measurements262

should help to resolve certain inconsistencies in the results of the previous experiments and263

the SU(3) symmetry predictions.264

Measurements of the photoproduction cross section and omega meson spin density matrix265

elements in the incoherent region (|t| ≥ 0.1 GeV) will allow the determination of the total266

cross section of longitudinally polarized vector mesons with nucleons σL(ωN) and thus shed267
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light on the impact of vector meson polarization on strong interactions. Availability of268

such measurements at different beam energies is essential to check the models of incoherent269

photoproduction. Neither the absorption of longitudinally polarized mesons, nor the spin270

density matrix elements on nuclei in photoproduction have been measured so far.271
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FIG. 1. Dependence of the nuclear transparency Aeff on the mass number for σL = 13 mb (left) and

σL = 26 mb (right). Aeff is shown for different photon energies: Aeff(∞) and Aeff(0) correspond to

infinite energy and energy-independent transparency, respectively.
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FIG. 2. A-dependence of the spin density matrix element ρA00 for σL = 13 mb (left) and σL = 26 mb

(right). ρA00 is shown for different photon energies: ρ(∞) and ρ(0) correspond to infinite energy

and energy-independent ρA00, respectively.
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FIG. 3. The nuclear transparency Aeff (a) and the spin density matrix element ρA00 (b) as a

function of σL for lead nucleus. The transverse ω-nucleon cross section σT and the spin density

matrix element ρ00 are taken to be 26 mb and 0.2, respectively.
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