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Abstract. We investigate inclusive ω photoproduction off complex nuclei, concentrating on the feasibility
to examine a possible in-medium change of the ω-meson properties by observing the π0γ invariant-mass
spectrum. The simulations are performed by means of a BUU transport model including a full coupled-
channel treatment of the final-state interactions. In-medium changes of the ω spectral density are found
to yield a moderate modification of the observables as compared to the situation in free space. Also the
effects of a momentum dependence of the strong ω potential are discussed.

PACS. 25.20.-x Photonuclear reactions – 13.60.-r Photon and charged-lepton interactions with hadrons
– 13.60.Le Meson production – 14.40.-n Mesons

1 Introduction

The expectation to gather experimental evidence for the
partial restoration of chiral symmetry at finite baryon
density and temperature has caused great interest in the
properties of the light mesons in a dense and hot en-
vironment [1–4]. Various theoretical predictions indicate
that the observation of an in-medium modification of
the vector meson masses can provide a unique measure
of up to what degree chiral symmetry is broken in the
strongly interacting medium [5]. For instance, the scaling
law proposed by Brown and Rho indicates a direct lock-
ing of the vector meson masses and the chiral condensate,
yielding a considerable decrease of the in-medium ρ- and
ω-meson masses already at normal nuclear-matter density
(0.17 fm−3) [6]. On the other hand, a careful analysis of
QCD sum rules (QCDSR) has shown that there is no di-
rect, QCD-mandated connection between hadron masses
and quark condensates [7]. An outcome of this study was
that the QCDSR could also be fulfilled by increasing the
width of the hadron in medium. In both scenarios, how-
ever, there is consensus that hadronic strength is shifted
downwards to lower masses.

Moreover, various experimental observations have
been addressed to a modification of the ρ-resonance in
the nuclear medium [8,9]. For instance, the accumulation
of spectral strength in the e+e− mass spectrum below the
ρ-meson pole measured in heavy-ion reactions [10,11] can
be understood in terms of a broadening of the ρ spec-
tral function and/or a reduction of the ρ pole mass in the
nuclear medium [12–14]. Attributing such observations to
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conventional nuclear-physics effects or to more pioneer-
ing phenomena is presently the great challenge to nuclear
theory. Connecting the outcome of theoretical models con-
cerning the intrinsic properties of hadrons to experimental
observables is an important issue which will be addressed
in the present paper.

Understanding the dependence of the vector meson
properties in a quantitative way is still an outstanding
problem. Predictions for the values of the ρ mass at
normal nuclear-matter density range from 530 MeV to
730 MeV [1,5,15–18] compared to its vacuum mass of
769 MeV. Also the predicted values for the in-medium
mass of the ω-meson are spread over the wide range from
640 MeV to 765 MeV [19–23] (782 MeV in vacuum). Fur-
thermore the predicted values for the broadening of the ρ
(up to 300 MeV) [19,24–26] and ω (up to 50 MeV) [19,20]
mesons at rest cover a large set of possible hadronic sce-
narios. This emphasizes the importance to make an experi-
mental determination of the ρ and ω spectral distributions
in the nuclear medium.

In this respect, the cleanest way to investigate the
vector meson properties in nuclear matter is provided
by exploiting the photoproduction of these mesons from
complex nuclei [27]. As compared to heavy-ion collisions,
where temperature and density vary dramatically with
time, the nucleus stays more or less intact in a photonu-
clear reaction. Moreover, in contrast to hadron-induced
reactions photoproduction has the advantage that, due to
its electromagnetic coupling to the nucleons, the reaction
probability of the photon is almost the same for all nu-
cleons inside the nucleus. Therefore, all densities of the
static density distribution provided by the target nucleus
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are probed, in principle giving rise to large density effects
on the measured observables.

A drawback of exploiting any hadronic decay mode is
the distortion of the final state by elastic, inelastic and ab-
sorptive final-state interactions (FSI). Up to the present
the only way to study such effects in a quantitative way
is the utilization of semi-classical transport models. In
ref. [28], we presented a similar study of the reaction γA →
φX → K+K−X ′ within a Boltzmann-Uehling-Uhlenbeck
(BUU) transport model including a full coupled-channel
treatment of the FSI. As an outcome of this work we found
that the in-medium modifications of the φ-meson are not
visible in the K+K− mass spectrum due to the strong
FSI and the additional effects of the strong and electro-
magnetic potentials of the final-state particles.

Dilepton spectroscopy in principle provides a tool to
measure the vector meson in-medium spectral densities
without distortion due to FSI [25]. Such an experiment is
presently being analyzed at JLAB [29]. Another promising
experiment, where there is only one strongly interacting
particle in the exit channel is the measurement of the π0γ
invariant-mass spectrum. In the present paper we study
inclusive ω photoproduction off p, 12C and 92Nb at photon
energies of 1.2 GeV and 2.5 GeV, which is the kinematical
regime of the TAPS [30]/Crystal Barrel [31] experiment at
ELSA.

As already pointed out in our previous work, a great
advantage of our model is the inclusion of inclusive ele-
mentary photoproduction processes. These processes are
in particular important when the issue of medium mod-
ifications is addressed, since ω-mesons from inclusive re-
actions (γN → ωX,X �= N) are produced with lower
momenta as compared to ω-mesons from exclusive reac-
tions (γN → ωN). Hence, ω-mesons from inclusive el-
ementary reactions decay with higher probability inside
the nucleus and, therefore, carry information about the
in-medium properties of the decayed resonances. In our
approach the inclusive photoproduction processes are de-
scribed by using vector meson dominance (VMD) and the
event generator FRITIOF [32] which is also used to de-
scribe high-energy collisions during the FSI.

Most of the currently available model predictions for
the ω-meson mass and width inside nuclei are concerned
with ω-mesons at rest [19–23] (see, however, [7]). Indeed
ω-mesons originating from photonuclear reactions are pro-
duced with finite momenta, which already at beam ener-
gies slightly above threshold can achieve quite large values.
Using an estimate on the real part of the strong ω-meson
potential obtained by a subtracted dispersion relation we
also study the in-medium behavior of such fast moving
ω-mesons. In this respect the measurement of the ω spec-
tral density at different beam energies could also shed
some further light on the momentum dependence of the ω
mass in nuclear matter.

Photoproduction of ω-mesons off nuclei has already
been studied in ref. [33]. However, the model of ref. [33]
can only be applied to energies slightly above threshold,
since this model involves only the exclusive photopro-
duction process. Moreover, the authors of ref. [33] used

a momentum-independent in-medium width and also did
not study a possible momentum dependence of the nuclear
ω potential. Furthermore, they did not separate the effects
of collisional broadening and a downward shift of the ω
mass. On the other hand, they did concentrate on the ef-
fects of the detector resolution as well as on the determi-
nation and suppression of the background from interfering
reactions which will also be useful to the present work.

Our paper is organized as follows. In sect. 2.1 we ex-
plain how we describe the photon-nucleon interaction. The
transport model itself is sketched in sect. 2.2. In sect. 3
we give a detailed discussion of our results. We close with
a short summary in sect. 4.

2 Model

2.1 Primary photon-nucleon interaction

In the impulse approximation the photon-nucleus inter-
action is reduced to the interaction of the photon with a
single bound nucleon of the target nucleus. As explained
in more detail in ref. [34], we use the event generator
FRITIOF to simulate particle production in high-energy
photon-nucleon reactions. Here the idea that the photon
might fluctuate into a virtual vector meson V = ρ0, ω, φ
(vector meson dominance) is used to replace the incoming
photon by a ρ-, ω- or φ-meson:

|γ〉 →
∑
ρ,ω,φ

e

gV
|V 〉. (1)

As we have already pointed out in ref. [28] one cannot
account properly for the processes γN → V N and γN →
V ∆ within the FRITIOF model and, therefore, has to
parameterize these channels explicitly.

For the exclusive ω photoproduction process we make
the following ansatz:

σγN→ωN (s, ρN (r)) =

1
pis

∫
dµSω(µ, ρN (r))pf(µ)|Mω(Q2(µ))|2, (2)

where pi is the initial c.m. momentum of the γN system,
pf is the final c.m. momentum of the ωN system and Sω

is the ω spectral function. The squared matrix element
|Mω|2 is obtained from the experimental photoproduction
cross-section in vacuum by assuming the matrix element
to be independent of the ω mass µ:

|Mω(s)|2 =

σexp
γN→ωN (s)pis

/∫
dµSω(µ, ρN = 0)pf(µ) . (3)

The production cross-section σexp
γN→ωN has been measured

with the SAPHIR detector at ELSA [35] (see also fig. 3
below).
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Fig. 1. Total cross-section for exclusive ω photoproduction
from a (bound) proton at several nucleon densities. For the
upper panel a collisional broadening in accordance with the
low-density theorem has been considered, whereas the lower
panel includes an additional downward shift of the ω mass.
The case ρ = 0 describes the free cross-section on the proton.
Data points are shown in fig. 3 below.

In order to describe the photoproduction of ω-mesons
with masses µ below the pole mass m0

ω at finite nuclear
densities we follow ref. [36] and extend this matrix ele-
ment to subthreshold energies by defining a new invariant,
namely the “free energy”

Q(µ) =
√

sth(m0
ω) −

√
sth(µ) +

√
s. (4)

Here
√

sth(m0
ω) denotes the threshold energy for the

production of ω-mesons of mass m0
ω = 0.782 GeV and√

sth(µ) is the threshold energy for the photoproduction
of ω-mesons of mass µ. In fig. 1 we show the resulting
cross-section at four different densities. In the upper panel
we considered an in-medium broadening of the ω accord-
ing to the low-density theorem:

Γcoll(ρN , pω) = γρN

pF(ρ)∫
d3pN vωNσωN , (5)

where γ is the Lorentz factor for the transformation from
the nuclear rest frame to the ω rest frame, pF is the local
Fermi momentum, vωN denotes the ω nucleon relative ve-
locity and σωN is the ω nucleon total cross-section. Using

Fig. 2. Differential cross-section for the process γp → ω∆+

together with experimental data from ref. [40].

the cross-section parameterization of ref. [37] that we are
employing for ωN collisions throughout the FSI this leads
to an additional collision broadening of 40 MeV at nor-
mal nuclear density and vanishing ω momentum. For the
lower panel of fig. 1 we considered an additional ω mass
shift according to ref. [5]:

m∗
ω = m0

ω

(
1 − 0.16

ρN

ρ0

)
, (6)

which leads to an obvious lowering of the ω photopro-
duction threshold at finite density. There is an additional
effect on the threshold behavior due to a broadening of
the nucleon spectral function caused by short-range cor-
relations [38]. This effect is, however, much less important
than that shown in fig. 1 and we will, therefore, disregard
it in the following.

For the angular distribution we use a Regge parame-
terization according to ref. [39] plus an additional contri-
bution which is constant in the four-momentum transfer
t in accordance with the experimental data from ref. [35].
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Fig. 3. Total cross-section for ω photoproduction off the pro-
ton decomposed in the several contributing reaction channels
(see legend). The experimental data for the exclusive process
stem from ref. [35] (solid circles) and the data for the process
γp → ω∆+ are taken from ref. [40] (open circles). In addi-
tion, the total cross-section σ(γp → ωX) at nuclear densities
ρ = 0, ρ0/3, 2ρ0/3, ρ0 is shown.

For the process γN → ω∆ we use the following para-
metrization of the total cross-section:

σγN→ω∆ =
1

pis

∫
dµ∆S∆(µ∆)pf(µ∆)

× A

(
√

s − M)2 + Γ 2/4
, (7)

where the constants A,M and Γ are fitted to the
experimental cross-section of ref. [40], yielding A =
47.3 µb GeV4, M = 2.3 GeV and Γ = 1.8 GeV. The
angular distribution is parameterized as follows:

dσγN→ω∆

dt
∝ exp (Bt), (8)

where B = 6.0 GeV−2, see fig. 2. For both the exclusive
process γN → ωN and γN → ω∆ we assume the cross-
section on the neutron to be the same as on the proton.

In fig. 3 we show the total ω photoproduction cross-
section off the proton decomposed into the several reaction
channels. At Eγ = 1.37 GeV the phase space for inclusive
ω photoproduction opens up, namely the production of
the ω(782)πN final state becomes energetically possible.
At an incident beam energy of 2.5 GeV, which we are also
going to consider in the following, the channel γN → ω∆
and the inclusive processes γN → ωX(�= N,∆), that we
describe employing the event generator FRITIOF, become
as important as the exclusive ω production channel. Even
more relevant in the present context are the differing mo-
mentum distributions of the exclusive and inclusive reac-
tion mechanisms. This issue we are going to discuss along
with the results of our calculations. In addition, we show
the total inclusive ω photoproduction cross-section from a
nucleon at various nuclear densities. Here the broadening

and shift of the ω mass distribution according to eqs. (5)
and (6) have been considered, leading to an increasing
phase space for ω production at finite densities.

2.2 Transport model

The calculations are performed using the transport model
previously applied to K+K− [28] and dilepton [25] pho-
toproduction off nuclei. A more extensive description of
the model has also been given in refs. [41–45]. The propa-
gation of the final state of the elementary photon-nucleon
interaction is treated by the semi-classical BUU equation:

(∂t + ∂pH∂r − ∂rH∂p) Fi(r,p, t, µ) =
Icoll[F1, ..., Fi, ..., FN ], (9)

which describes the time evolution of the spectral phase
space density Fi(r,p, t, µ) of particles of type i that can
interact via binary reactions. Besides the mesons (π, η, ρ,
ω, φ, . . . ) and the nucleons the model also contains the
baryonic resonances which can be produced either in the
photon-nucleon interaction or during the FSI. For baryons
the Hamiltonian H contains a mean-field potential which
depends on the position and momentum of the particle.
Equation (9) allows for an off-shell transport of collision-
broadened particles which is essential for the present case
where the ω-meson picks up a considerable collision width.

The collision term on the right hand side of the BUU
equation accounts for the creation and annihilation of par-
ticles as well as for elastic and inelastic scattering from
one position in phase space to another, including Pauli-
blocking factors for outgoing nucleons. The BUU equa-
tions for different particle species are coupled through the
collision term and the mean field. The set of coupled equa-
tions is solved by a test particle ansatz for the spectral
phase space densities. The modification of the vector me-
son in-medium properties according to eqs. (5) and (6) is
introduced by means of a scalar off-shell potential propor-
tional to the density in line with the low-density theorem.
This potential consistently guarantees that those particles
which are broadened and/or shifted in the nuclear medium
regain their vacuum spectral function as they propagate
out of the nucleus. For further details, see refs. [28,25].

3 Results

Before we turn to the discussion of medium modifica-
tions of the ω-meson, we discuss some standard nuclear
effects. Going from the proton to finite nuclear targets
the photoproduction cross-section involves the effects of
Fermi motion, Pauli blocking, the binding energy of the
nucleons, and interactions of the produced final state with
the surrounding nuclear medium (FSI). Furthermore, also
the effect of nuclear shadowing has been included in our
calculations. Shadowing arises from the absorption of the
hadronic components of the photon, which in the simple
vector meson dominance picture consist of the light vec-
tor mesons V = ρ0, ω, φ, on their way through the nucleus.
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Fig. 4. Kinetic-energy distribution for inclusive ω photopro-
duction at 1.2 and 2.5 GeV incident photon energy. A compar-
ison of proton and niobium targets is shown.

This effect yields a reduction of the interaction probability
of the photon with nucleons on the backside of the nucleus
with respect to the incoming-photon direction and, hence,
to a decrease of the total nuclear cross-section as com-
pared to A times the nucleonic cross-section. For details,
see ref. [46].

In fig. 4 we compare the kinetic-energy spectrum for
photoproduction of π0γ pairs off the proton and 92Nb
at two different energies of the incident photon beam,
1.2 GeV and 2.5 GeV. The structure that is visible in
the proton cross-section at 1.2 GeV simply reflects the
kinematically allowed region for ω-mesons that stem from
the process γN → ωN and have a mass equal to the pole
mass 782 MeV. The high-energy tail is caused by the small
but finite ω width. At 2.5 GeV the γN → ω∆ production
mechanism becomes important, leading to a second peak
at � 1.25 GeV in the proton cross-section. By looking at
our results for the 92Nb target one can observe a smearing-
out and a reduction of the differential cross-section. While
at 1.2 GeV these effects are solely due to Fermi motion and
the FSI, part of the reduction at 2.5 GeV is caused by the
initial-state interactions of the photon (shadowing). It is
also interesting that in the case of 2.5 GeV incident beam
energy the cross-section at large ω momenta is lowered by

Fig. 5. Momentum distribution of reconstructed ω-mesons in
the reaction γNb → π0γX for 1.2 and 2.5 GeV incident photon
energy. The solid curve contains all reconstructed π0γ pairs
without any mass cut.

nearly one order of magnitude, whereas at low momenta
one observes only a reduction of about a factor of two. This
can be attributed to a slowing-down of ω-mesons due to
elastic and inelastic FSI, which we found to be even more
important for the photoproduction of φ-mesons in nuclei,
see ref. [28].

In fig. 5 we show the momentum differential cross-
section for π0γ photoproduction off Nb. The solid curve
in the figure gives the total production cross-section as re-
constructed from the asymptotic π0γ yield without any re-
striction on the π0γ invariant mass. Also shown is the con-
tribution from actual ω-mesons produced in exclusive pho-
toproduction processes (dotted curve) as well as the con-
tribution of all ω-mesons produced (dashed curve). One
sees that the latter curve lies below the total reconstructed
yield. This is due to rescattering of the π0 on nucleons
which destroys the π0γ correlation. For higher incident
photon energies an additional combinatorial background
contributes since the final state might contain more than
one π0, therefore making the reconstruction of the ω am-
biguous. This background cannot be suppressed by apply-
ing an exclusivity measure that confines the primary pro-
duction process to γN → ωN since one would lose up to
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Fig. 6. Mass differential cross-section for the reaction γNb →
π0γX at 1.2 GeV (upper panels) and 2.5 GeV (lower panels)
incident photon energy, with (right) and without (left) apply-
ing cuts on the kinetic variables of the final-state particles. See
text for details.

90% of the slow ω-mesons which are produced in inclusive
photoproduction processes and which are the dominant
source of information about the ω in-medium properties.

As already pointed out in ref. [33], the background
from rescattering can be suppressed quite successfully by
applying a lower cut on the kinetic energy of the outgoing
π0 since these pions in average lose a great amount of their
kinetic energy in the collisions. We therefore require that
the kinetic energy of the final state π0 should be larger
than 150 MeV. At the higher beam energies we apply an
additional cut on the out-of-plane angle, which is the angle
between the π0 direction and the initial- and final-state γγ
plane. If an ω were produced with a momentum parallel or
antiparallel to the direction of the incoming photon from
a nucleon at rest, the sine of the out-of-plane angle would
be equal to zero. A cut of sin φ ≤ 0.5 therefore not only
cuts some background away but also triggers on ω-mesons
produced parallel or antiparallel to the incoming-photon
direction, corresponding to ω-mesons with the highest or
lowest kinetic energies. In fig. 6 we demonstrate the effect
of the kinematic cuts. To suppress an additional combina-
torial background stemming from the production of π0π0

pairs by not detecting one of the photons from the π0 de-
cay, the authors of ref. [33] proposed an additional cut on
the energy of the outgoing photon Eγ > 200 MeV. This
cut essentially suppresses the entire background coming
from these processes and, therefore, has been applied to
all the observables we are going to discuss in the following.

Only π0γ pairs originating from ω decays inside the
nucleus carry information on the ω in-medium properties.
Therefore the kinematical condition arises that the decay
length of the ω, L = γβτ = p/(mΓ ), is of the same or-
der as the nuclear radius of the target material. Hence,
for a set of ordinary target nuclei the maximum value of
the ω momentum should be in the range of 100–200 MeV.
Apparently ω-mesons produced from photonuclear reac-

Fig. 7. Invariant-mass distribution at 1.2 GeV incident photon
energy. Indicated by the dashed line is the contribution from
ω decays inside the nucleus. Upper panel: without momentum
cut, lower panel: with a momentum cut of 300 MeV.

tions gain much higher momenta as can be seen in fig. 5.
To suppress a large superimposed signal from ω decays in
vacuum it might be useful to apply an upper momentum
cutoff to the three-momentum of the π0γ pair.

In fig. 7 we demonstrate the effect of a momentum cut-
off of 300 MeV on the invariant-mass distribution for an
incident beam energy of 1.2 GeV. The following results
involve medium modifications of the ω-meson as given by
eqs. (5) and (6). Applying the momentum cut, the ra-
tio of in-medium to vacuum signal increases. However,
one also loses almost one order of magnitude of the total
cross-section. We have checked that at this beam energy
a momentum cutoff yields only a weak improvement of
the signal for the ω in-medium changes and, therefore, we
present the results at 1.2 GeV photon energy without a
cutoff in the ω three-momentum. At an incident beam en-
ergy of 2.5 GeV a cut on the ω momentum becomes more
essential. Note that in this momentum range the exclusive
cross-section amounts only to a very small part of the total
cross-section (cf. fig. 5). In fig. 8 we compare the results on
niobium to those on the proton without a momentum cut
and with cutoff values of 1 GeV, 500 MeV, and 300 MeV.
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Fig. 8. Comparison of the invariant-mass distribution ob-
tained from proton and niobium targets for several values of
the momentum cutoff at 2.5 GeV incident photon energy. The
folding resolution is ∆m = 10 MeV. The cross-sections on the
proton are normalized to the cross-section on niobium at the
ω pole mass m = 782 MeV.

All calculated spectra we are going to show in the fol-
lowing are folded with an experimental mass resolution
of 10 MeV, which, however, might be hard to achieve in
experiment. The cross-sections on the proton are normal-
ized to the cross-section labeled “Niob” at the ω pole mass
m = 782 MeV (see figure captions). With a decreasing
cutoff we find an increasing modification of the invariant-
mass spectrum on the nucleus on the low-mass side of the
ω peak as compared to the spectrum obtained from the
proton due to increasing average decay densities. A draw-
back of the clear signal which we obtain with a cutoff of
300 MeV is the small cross-section.

In fig. 9 we show our results for both incident photon
energies. In order to facilitate the comparison of the re-
sults we normalize all curves to the one labelled “Niob”,
i.e. to the one containing the in-medium changes. We will
show later in fig. 12, that for the nuclear targets this nor-
malization amounts only to a small change in the peak
value. To get a handle on which part of the signal can
be attributed to a shift of the ω pole mass and which
part comes from collisional broadening, we present an ad-
ditional curve (dotted) which is calculated without the
dropping ω mass. For both incident beam energies only
a part of the accumulated spectral strength below the
ω pole mass is due to the ω in-medium broadening. For
1.2 GeV photon energy about half of the in-medium sig-
nal —and even more for 2.5 GeV photon energy— orig-
inates from the downward shift of the ω pole mass and,
therefore, reveals a non-trivial in-medium change of the
isoscalar spectral density. Qualitatively our results shown
in fig. 9 look very similar to what has been obtained in
ref. [33]. The somewhat more pronounced structure of the

Fig. 9. Mass differential cross-section at 1.2 and 2.5 GeV pho-
ton energy. A comparison of cross-sections on proton, niobium,
and niobium without a mass shift of the ω is shown. The dotted
curve contains collisional broadening only. The cross-sections
on the proton and on niobium without mass shift are nor-
malized to the niobium cross-section including the dropping ω
mass.

low-mass part of the ω mass spectrum shown in fig. 8 of
ref. [33] might possibly be explained by the use of a con-
stant collision width for the ω as opposed to the density-
and momentum-dependent width in our approach. Overall
the agreement of the two independent approaches can be
seen as a confirmation of the conclusions drawn in ref. [33]
and the present work.

In fig. 10 we compare the invariant-mass spectra on
the proton, carbon (A = 12) and niobium (A = 92). We
find only a very weak dependence of the medium signal
on the atomic mass of the considered nuclei. The reason
for this is that most of the observed π0γ pairs stem from
the nuclear surface because of the strong π0 absorption
in the FSI. Therefore the visible fraction of ω-mesons de-
caying inside the nucleus cannot be increased by further
increasing the size of the target nucleus. We, therefore,
restrict ourselves to the discussion of the results on nio-
bium, which is one of the considered target materials of
the TAPS/Crystal Barrel experiment, expecting qualita-
tively very similar results for all other nuclei.
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Fig. 10. Comparison of mass differential cross-sections on pro-
ton, carbon, and niobium targets. The cross-sections on carbon
and on the proton are normalized to the niobium cross-section
at the ω pole mass.

Up to now we modified the in-medium mass of the ω
according to eq. (6). However, this expression is valid for
ω-mesons at rest, whereas the momenta of the ω-mesons
produced in the photon-nucleus reaction deviate consider-
ably from zero, see fig. 5. In lowest order in the density the
effective ω mass in medium is connected to the real part
of the ωN forward-scattering amplitude by the following
relation:

m∗2 = m2 − 4πRefωN (ν, θ = 0)ρN . (10)

The real part of the forward-scattering amplitude fωN (ν,
θ = 0) can be calculated from its imaginary part via a
subtracted dispersion relation [47]

Ref(ν, 0) = Ref(ν0, 0)

+
2(ν2 − ν2

0)
π

P
∞∫

νmin

dν′ν′Imf(ν′, 0)
(ν′2 − ν2

0)(ν′2 − ν2)
, (11)

where νmin is the threshold energy and ν0 is a subtraction
point. The imaginary part of the forward-scattering am-
plitude is connected with the ωN total cross-section via

Fig. 11. Effective ω mass as a function of the ω momentum at
ρ0 calculated with the total ωN cross-section of ref. [37] and a
cross-section obtained via VMD.

the optical theorem

ImfωN (ν, 0) =
p

4π
σtot

ωN (ν), (12)

where p is the ω momentum in the nucleon rest frame. In
fig. 11 we show the effective ω mass as a function of the
ω momentum in the nuclear rest frame. For the ratio of
the real to the imaginary part of the forward-scattering
amplitude at the subtraction point ν0 = 4 GeV we used
a value of α(ν0) = Ref(ν0, 0)/Imf(ν0, 0) = −0.1, which,
on the one hand, is motivated by measurements of the ρN
and φN forward-scattering amplitudes [48–50] and, on the
other hand, yields a result that is consistent with our pre-
vious choice for the ω mass in medium at zero momentum,
see fig. 11. Besides the calculation employing the total ωN
cross-section of ref. [37] (dotted curve), which we are also
using for ωN collisions throughout the FSI, we also show
a curve for which the total ωN cross-section has been ob-
tained via VMD from the differential ω photoproduction
cross-section at t = 0 with a value of α(ν0) = −0.3 (dashed
curve) as determined for the ρN forward-scattering ampli-
tude in ref. [50]. The VMD result shows a much stronger
momentum dependence of the effective ω mass. However,
the dispersion integral is dominantly sensitive to the low-
energy part of the cross-section and one does not expect
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that the VMD model is valid for these energies. A similar
result, i.e. a rising vector meson mass with increasing vec-
tor meson momentum, has been found in a more refined
study in ref. [51] for the ρ-meson.

In order to include this momentum dependence in our
calculations we adopt the following parameterization:

m∗
ω = m0

(
1 − β

(
1 − γ

[ p

GeV

]δ
)

ρN

ρ0

)
(13)

with the constants β = 0.16, γ = 1.0, and δ = 0.11.
This parameterization reproduces the ω mass at zero mo-
mentum of ref. [5] and then goes over into the result for
the momentum-dependent ω mass employing the ωN to-
tal cross-section of ref. [37]. Our calculation of the effective
momentum-dependent ω mass meant to give an educated
guess for the momentum dependence of the in-medium ω
mass in order to explore its consequences on a measure-
ment of the π0γ invariant-mass spectrum.

In fig. 12 we show the results obtained with the
momentum-dependent ω mass (eq. (13)) together with
the calculations using the purely density-dependent in-
medium mass (eq. (6)) and the calculations without any
vector meson potential in comparison to the results for
π0γ production off the proton. These spectra are folded
with a mass resolution of 25 MeV, which is a more realis-
tic value in view of the experimental determination of the
π0γ invariant-mass spectrum. For both incident beam en-
ergies the results obtained with the momentum-dependent
potential are very similar to the results with the strong ω
potential set to zero. This is due to the fact that at mo-
menta of a few hundred MeV the mass shift becomes very
small. Those momenta receive the strongest weight due to
the steep increase of the cross-section with p, cf. fig. 5.
Hence, any lowering of the mass of a slow ω inside the
nucleus could only be detected by a significantly smaller
momentum cut, which, however, might experimentally not
be feasible due to the extremely small cross-section. On
the other hand, the measurement of such an invariant-
mass spectrum as plotted in fig. 12 would not a priori
rule out a mass shift of the ω-meson at rest.

4 Summary

The photoproduction of π0γ pairs has been studied in
the kinematical region of an ongoing experiment with the
Crystal Barrel and TAPS detectors at ELSA. Exploit-
ing a semi-classical transport model we have studied the
feasibility to learn about possible in-medium changes of
the ω-meson by comparing the invariant-mass spectra ob-
tained by photoproduction on the proton and complex
nuclei. Different assumptions on the ω in-medium mass
and width have been adopted in the transport simulations
in order to explore the consequences on the experimental
determination of the ω in-medium properties via π0γ pho-
toproduction off nuclei.

Despite the large average momenta of the ω-mesons
produced in high-energy photon-nucleus reactions it
is still possible to observe a signal stemming from ω

Fig. 12. Invariant-mass spectra for niobium targets at 1.2
and 2.5 GeV incident photon energy with a mass resolution of
25 MeV. The proton cross-section is normalized to the cross-
section on niobium obtained with the momentum-dependent ω
potential.

in-medium decays, eventually applying a cutoff on the
three-momentum of the reconstructed ω-mesons. At
large photon energies slow ω-mesons, which are the main
source of information about the ω in-medium changes,
are produced dominantly by inclusive photoproduction
processes, which have been included in the transport
simulations by means of the hadronic event generator
FRITIOF. For incident beam energies of 1.2 and 2.5
GeV a low-mass tail of the ω-meson is visible in the π0γ
mass spectrum, revealing a non-trivial downward shift of
the ω mass at nuclear densities. As also pointed out in
ref. [33], the background from rescattering of the π0 in
the medium can be suppressed successfully by applying
kinematic cuts on the observables.

Due to the large absorption cross-section of the π0 the
obtained signal is dominantly sensitive to the nuclear sur-
face. The average decay density that can be seen in the
detector can hardly be increased by increasing the size of
the nucleus. We, therefore, find only a very weak depen-
dence of the shape of the low-mass tail of the ω on the
atomic mass of the considered nucleus.
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A momentum dependence of the strong ω potential
has been estimated by means of a subtracted dispersion
relation. Adopting this potential into the transport sim-
ulations, we found results which are very similar to the
scenario involving a non-dropping ω mass. A signal of
the lowering mass could only be obtained by decreasing
the momentum cutoff well below the value where the in-
medium mass becomes small. This, of course, comes at
the price of significantly reduced counting rates. However,
measurements with varying momentum cuts may then
help to disentangle the density and momentum depen-
dence of the in-medium self-energy of the ω-meson.

In summary, it has been shown that the reaction
γA → π0γX can be exploited to gain information about
the ω spectral distribution in nuclei. The experimental de-
termination at energies slightly above threshold as well as
at higher photon energies could shed some light not only
on the existence of a downward shift of the ω mass at fi-
nite baryon density but also might provide restrictions on
its momentum dependence, which, up to the present, is
an entirely unsettled issue.
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D. Trnka and V. Metag. The authors would like to thank DFG
and BMBF for financial support.
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