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Abstract

We consider photoproduction of w mesons off complex nuclei to study in-
teractions of transversely and longitudinally polarized vector mesons with
nucleons. Whereas the total cross section for interactions of the transversely
polarized vector mesons with nucleons or = o(VyN) can be obtained from
coherent photoproduction, measurements of vector meson photoproduction
in the incoherent region provide a unique opportunity to extract the total
cross section for longitudinally polarized mesons interacting with nucleons
o, = o(VpN), which has not yet been measured and strongly depends on
theoretical approaches. This work is stimulated by the construction of the
new experiment GlueX at Jefferson Lab, designed to study the photoproduc-
tion of mesons in a large beam energy range up to 12 GeV.

1 Introduction

Production of unstable particles off nuclei allows one to determine the total
cross section of the unstable particle interaction with nucleons. For parti-
cles with nonzero spin, interactions with nucleons are defined by a set of
amplitudes corresponding to the different particle polarizations.

The first indication that interaction of a vector meson V (p,w, ) with a
nucleon can depend on the meson polarization comes from the p electropro-
duction data. The ratio of production cross sections for a proton target can
be represented as R = o(vyrp — Vip)/o(yrp — Vrp) = fg—;, where the pa-

rameter ¢ corresponds to the ratio of longitudinal to transverse p” total cross
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sections & = o (pp)/or(pp). The value of & obtained from measurements
is £ &~ 0.5 [1], while the additive quark model predicts equal cross sections
or(pp) = or(pp).

Investigation of the valence quark distribution in hadrons based on the
generalized QCD sum rules technique [2, 3| suggests that the meson po-
larization can impact interactions with nucleons. In this approach the va-
lence quarks distribution in transversely and a longitudinally polarized vector
mesons are significantly different. Eighty percent of the momentum of a lon-
gitudinally polarized vector meson is carried out by valence quarks, leaving
only about 20% of the momentum for gluons and sea quarks, which are
responsible for strong interactions, resulting in the possible dependence of
interactions on meson polarizations [3]. Moreover, according to recent cal-
culations [4, 5], light-cone wavefunctions of the p meson computed in the
AdS/QCD approach [6] have significantly different behavior as a function
of the fraction of the light cone momentum for longitudinal and transverse
polarizations, which can lead to different interactions of polarized mesons
with nucleons [7].

Dependence of vector particle interactions on the particle’s polarization
has been known for many years in the case when constituents of the particle
are in the D-wave state. The vivid example of such effect is the deuteron
interaction with matter [8]. An admixture of a D-wave component in the
deuteron wave function leads to different absorption in the matter for trans-
versely and longitudinally polarized deuterons. This effect was experimen-
tally measured and described in [9]. There are also predictions that inter-
actions of mesons with nonzero orbital momenta with nucleons are strongly
correlated with the meson polarization [10, 11]. The D-wave component in
the vector meson wave function can emerge even for vector mesons in the
ground S-wave state when the wavefunction transformation from the labora-
tory to the moving system is applied [7].

2 Photoproduction of w mesons
In the early 70’s many experiments were carried out to study photoproduction
of vector mesons on nuclei [1]. These experiments had two main goals:

e Extraction of vector meson-nucleon total cross sections o(V N) in order
to check quark model predictions.

e Verify the vector dominance model (VDM) and limits of its validity.

The first w photoproduction experiments at high energies using a large
set of nuclei were carried out by the Rochester group at Cornell [13, 14]
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and the Bonn-Pisa group at DESY [15]. The mean photon energy used at
Cornell corresponded to 6.8 GeV and 9.0 GeV and w mesons were detected
via the 37 decay mode. The Bonn-Pisa group used beam photons with a
mean energy of 5.7 GeV and w mesons were reconstructed using the 7%y de-
cay mode. Both experiments confirmed the additive quark model prediction:
o(wN) =0(pN) =o(x"N)+o(xr"N)/2, but the value of the photon-omega
coupling constant % was much higher than the storage ring results and SU(3)
predictions. A later experiment at a mean energy 3.9 GeV was performed at
the electron synchrotron NINA at Daresburry [16]. The nuclear absorption
of w mesons was found to be in agreement with previous experiments and
the value of % extracted from the experimental data did not contradict to
predictions of SU(3). Nevertheless due to large experimental errors, discrep-
ancies in the measured value of the coupling constant could not be resolved.
The total cross section of o(wN) was extracted from the coherent part of the
photoproduction cross section, whereas the incoherent part was considered
to be undesirable background.

Recently photoproduction of omega mesons was measured at ELSA [17]
via the decay w — 7’y and at JLab [18] using the rare electromagnetic
decay w — eTe”. The main goal of these experiments was to investigate
the impact of the nuclear environment on the vector mesons mass and decay
width. In order to have a significant fraction of the mesons decay in the
nuclei, the energies of the detected mesons were restricted to 1-2 GeV, where
the large contribution from nucleon resonances [19] make the interpretation
of experimental results controversial.

In these experiments no attempt was done to separate absorption of trans-
versely and longitudinally polarized omega mesons. The effect can potentially
be studied using the GlueX detector [20], the new experimental facility con-
structed at Jefferson Lab. GlueX will use a beam of photons produced by
a 12 GeV electron beam using the bremsstrahlung process. The experiment
will allow to study photoproduction of mesons by reconstructing both neu-
tral and charged final states in the large beam energy range up to 12 GeV.
Photoproduction of w mesons on nuclear targets in the GlueX kinematic re-
gion is a unique way to obtain information on the possible dependence of the
strong interaction on the polarization of vector mesons. The reasons are as
follows:

e Photoproduction of w mesons on nucleons YN — wN at the pho-
ton energies of several GeVs is determined by t-channel Pomeron ex-
change (diffraction, natural parity exchange ) and one-pion-exchange
(OPE) (unnatural parity exchange). The pion exchange leads to copi-
ous production of longitudinally polarized w mesons, unlike the diffrac-



tion process, which results in the production of transversely polarized
mesons due to s-channel helicity conservation. Contributions from
diffraction and pion exchange are almost equal at a photon energy of
E, =5 GeV [1]. Measuring w meson production at different energies
will provide data samples with different fractions of w polarization.

e In the coherent photoproduction yA — wA (the nucleus left in its
ground state) the unnatural exchange part of the elementary amplitude
cancels out; in the coherent processes one has to sum amplitudes from
different nucleons, and the pole exchange of particles with isospin one
has different sign in production on protons and neutrons. Therefore,
from coherent photoproduction one can extract only the total cross
section of transversely polarized vector mesons off nucleons.

e Unlike the coherent production, in the incoherent photoproduction
vA — wA’' (A’ stands for the target excitation or its break-up prod-
ucts) the cross section on the nuclei is the sum of photoproduction cross
sections on nucleons. As a result w mesons with both polarizations can
be produced in the incoherent process. This can be used to study
interactions of longitudinally polarized vector mesons with matter [12].

The coherent and incoherent photoproduction of w mesons will be de-
scribed in Section 3 and Section 4.

3 Coherent photoproduction

Coherent photoproduction of vector mesons on nuclei targets
y+A-V+A (1)

has been studied for many years and is well described by Glauber multi-
ple scattering theory [1]. The invariant momentum transfer in the process
(1) can be expressed through the longitudinal' momentum ¢; and the two
dimensional transverse momentum ¢, as follows:

2 2 -2 miz 7 o0
b= (=P = gk - @it = () — AR 7] sin®

|q_1_| = q, (2>

where k£ and p are the momenta of the beam photon and the vector me-
son, respectively. For a coherent reaction a nuclear target remains in the

!The inverse of the longitudinal momentum transfer is called the coherence length
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¢ ar”



ground state after the meson is produced. The production amplitude can be
presented as

/

FA((LQL) = f]i\/(o)Fjl\(Q7QL)

Fi(g,q) = / s DI exp(— / p(b,')dz")d?bdz  (3)

Here f3(0) is the diffractive part of the photoproduction amplitude of the
vector meson with helicity A = 0,41 on a nucleon, F}(q, qr) is the nuclear
form factor? modified by the meson absorption, and b is the impact param-
eter. o) = o,(1 —ia,) denotes a scattering amplitude of a vector meson on
a nucleon at zero angle, where o) is the total meson-nucleon cross section
and ay = ﬁnLA(%)) is the ratio of real to the imaginary parts of the forward
VN — VN amplitude. Taking helicity of the produced meson into account,

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

doy dopn (0
pf”? = Piﬁfﬂﬂi(q, ar)FY (¢, q1), (4)

dt
where p3y,, p¥, are vector meson spin density matrix elements for production
on nuclei and nucleon, respectively. The coherent amplitude represents a sum
of photoproduction amplitudes on individual nucleons. For isoscalar nuclei,
the contribution to the total amplitude from pion exchange can be neglected
in the coherent process because elementary amplitudes of interactions of a
particle with isotopic spin one with a proton and neutron have different
signs and cancel out®. The coherent production is dominated by a pomeron
exchange mechanism, where the beam photon helicity is preserved at small
momenta transfer (s-channel helicity conservation), i. e., transverse photons
(A = £1) produce only transversely polarized vector mesons. Therefore,
from coherent photoproduction one can determine solely the value of the
total cross section o of transversely polarized vector mesons with a nucleon.
Using the relation between diagonal elements of the spin density matrix pgo+
p11+p—1-1 = 1 we obtain the well known expression [1] for photoproduction
of vector mesons in coherent region

doy  don(0)

F 2 5
dt dt ’ A(%CILaUT)' ()

?The nucleon density p(b, z) is normalized on the atomic weight [ p(b, z)d?bdz = A.
3For nuclei with unequal numbers of protons and neutrons, small corrections cab be
easily taken into account



Accordingly, the total cross section o(wN) extracted from the coherent pho-
toproduction corresponds to the cross section of transversely polarized mesons
with nucleons 4 In order to obtain the total cross section of longitudinally
polarized w mesons with nucleons it is necessary to consider incoherent pho-
toproduction. Measurements of the coherent photoproduction cross section
allow to extract the photon-vector meson coupling. According to the vec-
tor dominance model the production cross section for omega mesons at zero
angle for natural parity exchange is

don dr o 9
TN = 22 2521
dt (0) V2 647w oLl +au), (6)

g is the w-photon coupling constant, « is the fine structure constant,

0, is the total o(wN) cross section, and «, is the ratio of the real to imag-
inary parts of the wN — wN amplitude. The contribution of the natural
parity exchange to the total cross section can also be obtained by measuring
omega photoproduction on nucleons using linearly polarized photons. The
beam of polarized photons used by the GlueX experiment will provide such
an opportunity. Thus, subsequent measurements of the coherent omega pho-
toproduction off nuclei and by linearly polarized photons on nucleon should
help to reconcile the contradictions in the values of the photon-omega cou-
pling constant.

where

4 Incoherent photoproduction

We consider photoproduction of w mesons with different polarizations on
nuclei in the reaction

y+A—-w+ A (7)

where A’ denotes the nuclear target excitation or the target break-up prod-
ucts. The momentum transfer in (7) is limited to the typical range of
0.1 GeV? < [t| < 0.5 GeV?, where the Glauber multiple scattering theory
can be applied®.

Two approaches based on the Glauber multiple scattering theory can be
used to describe incoherent photoproduction. The first model was known

4The authors of the work [15] used an angular distribution 1+ cos?8 for the decay mode
w — 7%y for both coherent and incoherent photoproduction, which is strictly speaking
correct only for coherent photoproduction.

5 At smaller momenta one has to take into account the suppression due to the exclusion
principle (see e.g. [27]), while for larger momenta transfer it is necessary to consider
incoherent multiple scattering of w mesons.



for many years [23] and was widely used [25, 15, 26]. We generalized this
approach to account for the possibility of different absorptions of transverse
and longitudinally polarized mesons. The cross section of the process (7) can
be written as:

dast(q) _ dU;zEQ) (pooN(0,0p) + (1 — poo)N(0, o))

1 —
N(0,0) _/ exp( Ufp 2 i,

(8)

where dog(q)/dt is the differential cross section of the w meson photopro-
duction on nucleon, o7, is the total w nucleon cross section for longitudi-
nally and transversely polarized mesons, and pgg is the w meson spin density
matrix element Corresponding to the fraction of longitudinally polarized w
mesons. If o = o the nuclear transparency has the well known form

= doa do0id) dUO N(0,0). Spin density matrix elements for photoproduc-
tlon on nuclel Poo and nucleons pgy are related as

A N(OaaL)
Poo = Poo
pooN(0,01) 4 (1 = poo) N (0, 07)

(9)

If w-nucleon cross sections are the same or = o the omega spin density
matrix element pg, equals to pog. As follows from equation (9) pg, depends
on the nuclear mass number A for o # op.

Another approach to characterize incoherent photoproduction takes into
account the interference of two amplitudes in the photoproduction process:
production a vector meson on one of the nucleon in nuclei and production
of the vector meson on the nucleon in the forward direction with subsequent
scattering of the meson on another nucleon acquiring the transverse momen-
tum [24]. The similar interference effect takes place in incoherent electropro-
duction of vector mesons and has to be taken into account in investigation of
color transparency, i.e., weakening of vector meson absorption in nuclei with
the increase of the mass of the virtual photon Q2. Studies of the color trans-
parency are complicated by the dependence of the incoherent cross section
on energy via the coherence length [. = q—L = + o leading to the decrease
of the incoherent cross section with increasing energles [29, 30, 31].

Taking w meson polarization into account, the relation between the in-
coherent cross section on nuclei and the cross section on nucleon is given by



the expression:

AL [ 0,260 216" (0,

20,5 = Ra@e-Z [ o)

2m / 1 iqr (2 —= g > " "
= TIO0L) [ ol e exp(- D [ pib ),
(10)

where f7'(¢) and f2(¢) are the amplitudes of the w meson photoproduction on
nucleon YN — wN and elastic scattering wN — wN, respectively. Assuming
similar slopes of the elementary amplitudes f,(q) and f;(¢) the incoherent
cross section for diagonal elements (A = X = 0,41) of the spin density
matrix can be written as:

doa(q do(q
129 375( ) _ PM%/P(’% z) | oMb, 2) |* d°bdz
P05 = (=% [ p)a
o > / /
¢(b,2) = eXp(—TT/ p(b, 2")dz")
or #

- p(b, 2')dz er = =) exp(—(%T/p(b, 2")dz")
(11)

As can be seen from Eq. (11), the cross section for longitudinally polar-
ized mesons does not depend on energy. The photoproduction amplitude of
longitudinally mesons at zero angle is equal to zero. Therefore, there is no
energy-dependent contribution to the production cross section from the am-
plitude interference effect described above; the interference is present in the
photoproduction of transversely polarized w mesons. The incoherent cross
section and the spin density matrix element for the production of longitudi-
nally polarized w mesons can be written in forms similar to Eqgs. (8) and (9)
as:

doa(g) _  doo(q) (PooN (0, 0) + (1 = poo)W (qz,9))

di di
Wigr,o) = /P(l% 2) | ¢*(b, 2) |* d*bdz
N(O UL)
A , 12
oo = N, o) + (1 — poo)W(az, or) " 1)
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In these equations, the nuclear transparency term W(qy, or) corresponding
to transversely polarized mesons is similar to N(0,0r) in Eq. (8), but con-
tains energy-dependence due to the amplitude interference effect described
above.

The nuclear transparency A.;r = dg—tA /=5 as a function of the mass
number for two values of o, = 13 mb and o, = 26 mb is presented in Fig. 1.
The nuclear transparency is shown for two photon beam energies from the
GlueX experiment energy range of 5 GeV and 9 GeV. Two boundary condi-
tions corresponding to the infinite beam energy and the energy-independent
nuclear transparency given by Eq. 8 are denoted as A(cco) and A(0) on
this plot. A-dependence of the density matrix element pjy, on nuclei for o,
= 13 mb and o, = 26 mb and different beam energies is shown in Fig. 2.
The boundary conditions corresponding to the infinite beam energy and the
energy-independent pjh, given by Eq. 9 are denoted as p(oo) and p(0). Fig. 3
presents the nuclear transparency A.sy and the density matrix element oo
as a function of the o for the lead nucleus target.

The value of the transverse w-nucleon cross section in these plots is set to
or(wN) = 26 mb according to the measurements of o7 in coherent produc-
tion [15]. We used the spin density matrix element pgy = 0.2 in the helicity
frame as measured in w-nucleon photoproduction [22]|. For the nuclear den-
sity we adopt the Woods-Saxon parametrization:

doo(q)

1

p(r) = pol—O—Tp(r;R) (13)

with R = 1.12A'3; ¢ = 0.545 fm.

5 Conclusions

We discussed the perspectives of omega meson photoproduction measure-
ments on different nuclei and nucleon in the energy range 5 GeV < E, <
12 GeV of the GlueX detector at Jefferson Lab. The total cross section
of transversely polarized vector mesons interactions with nucleon or can be
extracted from coherent photoproduction of omega mesons on nuclei. The
beam of polarized photons used by GlueX can be used to separate the con-
tribution to the total omega production cross section on nucleon from the
natural parity exchange (diffractive part) and therefore will allow to directly
compare cross section measurements on nucleon and in coherent photopro-

duction on nuclei. Measurements of the w-photon direct coupling constant

o)

12 in coherent photoproduction should help to resolve some discrepancies on



the value of the coupling constant measured with the previous experiments
and predicted by the SU(3) symmetry [13, 15, 16].

Measurements of the cross section in the incoherent region (|t| > 0.1 GeV)
and omega meson spin density matrix elements will allow to determine the
value of the total cross section of longitudinally polarized vector mesons
with nucleons o7, and thus shed light on the impact of vector meson polar-
ization on strong interaction. Availability of such measurements at differ-
ent beam energies is essential to check models of incoherent photoproduc-
tion. Measurements of the absorption of the transversely and longitudinally
polarized mesons separately, as well as measurements of the spin density
matrix elements on nuclei in photoproduction have never been done. The
only attempt to study an impact of the vector meson polarization on its ab-
sorption was made many years ago [32] using the charge exchange reaction
7+ A — p®+ A’. From the first glance it seemed that the experimental
data supported the equality of the total cross sections or(pN) = or(pN) but
there is a strong reasons against such conclusion. It was shown [33]that due
to the insufficient energy of the primary beam (F, = 3.7GeV) and the large
decay width of the p meson the certain part of the mesons decay inside the
nucleus, which complicated the interpretation of experimental data.
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Figure 1: Dependence of the nuclear transparency A.sy on the mass number
for o, = 13 mb (left) and oy = 26 mb (right). The dependence is shown for
different energies described in the text.
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Figure 2: A-dependence of the spin density matrix element pf, for o =
13 mb (left) and o7, = 26 mb (right). The dependence is shown for different
energies described in the text.
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Figure 3: The nuclear transparency A.ss (a) and the spin density matrix
element pgh (b) as a function of oy, for lead nucleus.
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