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Abstract. With the aim of extracting information on the shift of the ω mass in the nuclear medium we
analyze data obtained at ELSA from where claims for evidence of a mass shift of the ω have been made. We
develop a Monte Carlo simulation code which takes into account the possible reactions in the experimental
set-up of (γ A → π0γ X) in the vicinity of the ω production region with subsequent ω → π0γ decay. We
compare our results with experiment for the distribution of π0γ invariant masses and conclude that the
distribution is compatible with an enlarged ω width of about 90MeV at nuclear-matter density and no
shift in the mass. This change in the width would be compatible with the preliminary results obtained from
the transparency ratio in the A-dependence of ω production. The discrepancy of the present conclusions
with former claims of an evidence for a shift of the ω mass stems from a different choice of background
which is discussed in the paper.

PACS. 24.80.+y Nuclear tests of fundamental interactions and symmetries – 25.20.-x Photonuclear reac-
tions – 11.30.Rd Chiral symmetries – 13.60.Le Meson production

1 Introduction

The interaction of mesons with nuclei has captured the
attention of the hadron community and much work has
been done on the topic [1]. In particular the behavior of
vector mesons in nuclei has been thoroughly studied, stim-
ulated by the ansatz of a universal scaling of the vector
meson masses in nuclei suggested in [2] and the study
of QCD sum rules in nuclei [3], although earlier stud-
ies within the Nambu-Jona-Lasinio model produced no
dropping of the vector meson masses [4]. Most of the ef-
forts have been devoted to the change of the ρ properties
in the medium, but the properties of the ω-meson have
also received much attention and many theoretical efforts
have been devoted to obtain the changes of the mass and
width in the medium [5–22]. The values obtained for the
self-energy of the ω in nuclei split nearly equally into at-
traction and repulsion and range from an attraction of the
order of 100–200MeV [8,10] to no changes in the mass [20]
to a net repulsion of the order of 50MeV [16].
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While most of the experimental work is conducted in
heavy-ion reactions, it has been argued in [23] that reac-
tions involving the interaction of elementary particles with
nuclei can be equally good to show medium effects of parti-
cles, with the advantage of being easier to analyze. In this
sense, a variety of experiments have been done with pA
collisions in nuclei at KEK [24–26] and photonuclear colli-
sions at Jefferson Lab [27] by looking at dilepton spectra.

A different approach has been followed by the
CBELSA/TAPS Collaboration by looking at the γπ0 com-
ing from the ω decay. In this line a recent work [28] claims
evidence for a decrease of the ω mass in the medium of
the order of 100MeV from the study of the modification
of the mass spectra in ω photoproduction.

In the present work we perform a reanalysis of the data
of [28]. We develop a Monte Carlo simulation code which
takes into account the possible reactions in the experi-
mental set-up of (γ A → π0γ X) in the vicinity of the ω
production region with subsequent ω → π0γ decay. Espe-
cial emphasis is done in the final-state interaction of the
particles produced in order to properly reconstruct the in-
variant mass of the π0γ subsystem. We first look at the
A-dependence of the ω production (transparency ratio)
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from where, in base to preliminary data, we induce an ap-
proximate width of the ω in the nuclear medium. Next, we
compare our results with experiment for the distribution
of π0γ invariant masses and conclude that the distribution
is compatible with an enlarged ω width of about 90MeV
at nuclear-matter density and no shift in the mass. The
discrepancy of the present conclusions with former claims
of an evidence for a shift of the ω mass stems from a
different choice of background. We show that the former
claims were based on an assumption of background which
eliminates strength at high ω masses, while the choice of
background scaled from the elementary reaction automat-
ically leads to strength at high ω masses, as well as in lower
masses, which can be explained by means of an increased
ω width, that is also compatible with the preliminary re-
sults obtained from the transparency ratio.

The paper proceeds as follows: In sect. 2 we outline the
results of the microscopic calculations which serves here
as input for our computer simulation. In sects. 3 and 4 we
provide the details of the Monte Carlo simulation method.
The results are presented in sects. 5, 6 and 7. The conclu-
sions are given in sect. 8.

2 Preliminaries

The inclusive reactions like the one studied here, A(γ, ω →
π0γ)X, require minimum knowledge of nuclear structure,
since one is not looking at any particular final nuclear state
but integrating over all of them. Assuming further that the
elementary production amplitude on a single nucleon has
been fixed, in a first step, the nuclear cross-section can
be obtained by summing over the occupied nuclear states
in the Fermi sea and by introducing the standard nuclear
effects like the Fermi motion of the initial nucleons and the
Pauli blocking (for the γN → ωN) of the outgoing ones.

In the present work we go beyond this scheme and con-
sider also the final-state interaction (FSI) of the ω-mesons
and its decay products in finite nuclei. The method used
here will combine a phenomenological calculation of the
intrinsic probabilities for different nuclear reaction, like
the quasielastic and absorption channels, as a function of
the nuclear-matter density, followed by a computer Monte
Carlo (MC) simulation procedure in order to trace the
fate of the ω-mesons and its decay products in the nuclear
medium. Since our calculations represent complete event
simulations it will be possible to account for the actual
experimental acceptance effects. In the following we shall
carry out the computer MC simulation taking into account
the geometrical and kinematical acceptance conditions of
the Crystal Barrel/TAPS experiment at ELSA.

We consider the photonuclear reaction A(γ, ω →
π0γ)X in two steps —production of the ω-mesons and
propagation of the final states. In the laboratory, where
the nucleus with the mass number A is at rest, the nuclear
total cross-section of the inclusive reaction A(γ, ω)X in-
cluding the effects of Fermi motion and Pauli blocking is

given by

σγA→ωX =
∫

A

d3~r

2π2

∫
d3 ~pN
(2π)3

∫
dm̃2

ω

Sω(mω, m̃ω, ρA(r))M
2
N

| ~pγ + ~pN |[(pγ + pN )2 −M2
N ]

×

∫
dEω

∫ 2π

0

dϕω

(
∑

in

∑

out

T †T

)

γN→ωN

Θ(1−B2)

×Θ(kF (r)− |~pN |)Θ(Eγ + EN − Eω − EF (r))

×Ωω(~r, ρ(r), ~pω, m̃ω). (1)

Here Θ denotes the step function and B stands for the
cosinus of the angle between ~pγ + ~pN and ~pω

B ≡ cosϑω =
1

2 |~pω||~pγ + ~pN |
(2)

×
[
(~pγ + ~pN )2 + ~p 2

ω +M2
N − (Eγ +EN − Eω)

2
]

with obvious notations for the momenta and energies of

the particles Eγ = |~pγ |, Eω =
√
~p2
ω + m̃2

ω and EN =√
~p2
N +M2

N . Also in eq. (1) EF (r) =
√
k2
F (r) +M2

N is

the local Fermi energy and the Fermi momentum kF is
related to the local density ρA(r) of the nucleus by

ρA(r) = 4

∫
d3~pN
(2π)3

Θ(kF (r)− |~pN |) =
2 k3

F (r)

3π2
. (3)

The photoproduction amplitude entering eq. (1) is that
from the elementary reaction N(γ, ω)N properly summed
and averaged over the final and initial polarizations, re-
spectively. It is given by

∑

in

∑

out

T †T =
16πsE∗2

γ

M2
N

dσγN→ωN

dt
, (4)

where dσγN→ωN/dt is an invariant differential cross-

section with s = (pγ + pN ) 2, E∗
γ =

s−M2
N

2
√
s

and t =

(p labω − pγ)
2 where p labω is the four-momentum of the

ω in the laboratory frame. In eq. (1) the momentum
~pω = (|~pω|, ϑω, ϕω) of the ω is defined with respect to
~pγ + ~pN = (|~pγ + ~pN |, ϑ

′, ϕ′). Making use of ordinary ro-
tation matrices Rϕ′ and Rϑ′ one can transform ~pω to the
laboratory system where it takes the form

~p labω = Rϕ′ ⊗Rϑ′ ⊗ ~pω (5)

with

Rϕ′ =



cosϕ′ − sinϕ′ 0
sinϕ′ cosϕ′ 0
0 0 1


 , Rϑ′ =




cosϑ′ 0 sinϑ′

0 1 0
− sinϑ′ 0 cosϑ′


 .

(6)
In ref. [29] dσγp→ωp/dt of the reaction (γ, ω) on the

hydrogen target followed by the ω → πππ decay has been
measured for incident photon energies from the reaction
threshold Eth

γ = mω+m2
ω/2Mp ' 1.1GeV up to 2.6GeV.
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Fig. 1. Total cross-section of the reaction p(γ, ω)p as a func-
tion of the photon energy Eγ . The experimental data are from
ref. [29]. The solid curve is the fit to data.

In the present work the data of ref. [29] are conveniently
parameterized and properly implemented in the MC code.
The fit to the total cross-section is presented in fig. 1 where
the experimental data from ref. [29] are also shown. In the
following, the cross-section on the neutron will be taken
to be the same as on a proton.

The ω-mesons are produced according to their spectral
function Sω at a local density ρ(r)

Sω(mω, m̃ω, ρ) =

−
1

π

ImΠω(ρ)(
m̃2

ω −m2
ω − ReΠω(ρ)

)2
+
(
ImΠω(ρ)

)2 , (7)

where Πω is the in-medium self-energy of the ω with
nominal mass mω = 782MeV. The width of the ω
in the nuclear medium is related to the self-energy by
Γω(ρ, m̃ω) = − ImΠω(ρ, m̃ω)/Eω. It includes the free
width Γfree = 8.49MeV and an in-medium part Γcoll(ρ)
which accounts for the collisional broadening of the ω due
to the quasielastic and absorption channels to be specified
below. In eq. (7) ReΠω = 2Eω ReVopt(ρ), where Vopt(ρ)
is the ω nucleus optical potential accounts for a possible
shift of the ω mass in the medium and we shall make some
considerations about it later on.

In eq. (1) the distortion factor Ωω describes the prop-
agation and decay of the ω-mesons inside and outside the
nucleus as well as the FSI of its decay products —in our
case π0γ— in the nuclear medium. It is the subject of the
present MC simulation.

In the following we shall also consider the situation
when the energy of the incident photon beam is not fixed
but constrained in some energy interval Emin

γ < Eγ <
Emax
γ . This condition is implemented by folding the cross-

section of eq. (1) with the photon flux profile

∫ Emax
γ

Emin
γ

dEγ Wγ(Eγ)σγA→ωX . (8)

At the ELSA facility, the photon beam is produced via
the electron bremsstrahlung and therefore one creates the
photon flux according to the unnormalized spectra

Wγ(Eγ) =
1

Nγ

dNγ

dEγ

∝
1

Eγ

. (9)

3 The Monte Carlo simulation procedure

The computer MC simulation proceeds in close analogy
to the actual experiment. At first, the multiple integral in
eq. (1) is carried out using the MC integration method.
This procedure provides a random point ~r inside the nu-
cleus where the photon collides with the nucleon, also ran-
domly generated from the Fermi sea with |~pN | ≤ kF (~r ),
see the factor Θ(kF (~r )− |~pN |) in eq. (1). For the sample
event in the MC integral the mass m̃ω of the ω respects
the spectral function Sω at local density ρ(r), see eq. (7).
Inside the nucleus the ω-mesons moving with the three-
momentum ~p labω necessarily interact with the nucleons in
their way out of the nucleus. In the MC simulation the ω-

mesons are allowed to propagate a distance δ~L =
~p labω

|~p labω |δL

and at each step, δL ' 0.1 fm, the reaction probabilities
for different channels like the decay of the ω into π0γ and
πππ final states, quasielastic scattering and in-medium ab-
sorption are properly calculated. The value of δL is chosen
such that smaller values do not change the results within
the statistical errors of our MC procedure, which are much
smaller than the experimental errors.

The conventional decay channels are ω → πππ and
ω → π0γ and the corresponding reaction probabilities per
unit length are given by

δPω→πππ

δL
=

1

γv
Γω→πππ =

mω

|~pω|
Γω→πππ , (10)

δPω→πγ

δL
=

1

γv
Γω→πγ =

mω

|~pω|
Γω→πγ , (11)

where v = |~pω|/Eω is the ω velocity and the Lorentz con-
traction factor γ = Eω/mω relates the width of the ω in
the rest frame, Γω, to that in the moving frame Γ ∗

ω . The
partial decay width of the ω into πππ and π0γ decay chan-
nels are Γω→πππ ' 7.56MeV and Γω→πγ ' 0.76MeV,
respectively [30].

At given local density ρ(r), the probability per unit
length for the quasielastic collision of the ω is given by

δPCB

δL
= σωN→ωN ρ(r), (12)

where σωN→ωN stands for the elastic ωN → ωN cross-
section. In the present work we employ the parameteriza-
tion of the σωN→ωN used in refs. [13,21]. For the sample
quasielastic event the angular distributions (we assume s-
wave) are generated in the c.m. frame of the ω and a ran-
dom nucleon in the Fermi sea. Then, a Lorentz boost back
to the laboratory is done in order to obtain the energy and
momentum of the scattered ω and outgoing nucleon after
the quasielastic step. Since the outgoing nucleon moving
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with the three-momentum |~p ′
N | is subject to Pauli block-

ing, we require that the quasielastic scattering fulfills the
condition |~p ′

N | > kF (r). These quasielastic steps barely
modify the ω production rate and the ω invariant mass
distribution since they respect the original direction of the
ω as an average and, although they modify a bit the ω en-
ergy, they do not modify its invariant mass to be studied
in sect. 7.

The in-medium ωN → ωN elastic scattering does not
lead to a loss of flux and does not change the total nuclear
cross-section. It affects the ω energy and momentum dis-
tributions only increasing the energy loss of the ω in MC
steps. The loss of the ω flux is related to the absorptive
part of the ω-nucleus optical potential. In nuclear matter,
the ω-wave propagating through will acquire the phase
∼ exp(−iV abs

opt t) which enforce the ω to be removed from
the elastic flux at the rate

1

Nω

dNω

dt
≡

δPabs
dt

= Γabs = −2 ImV abs
opt , (13)

where V abs
opt is the part of the ImVopt related to the ωN in-

elastic cross-section σin and other many-body absorption
mechanisms.

The reaction probability for the ω-meson to be ab-
sorbed inside the nucleus after the propagation of the
length interval δL or undergo inelastic collision is given
by

δPabs
δL

=
1

v
Γabs . (14)

As a first estimate, we use the following parameterization
for the width:

Γabs = Γ0
ρ(r)

ρ0
, (15)

where ρ0 = 0.16 fm−3 is the normal nuclear-matter den-
sity. The parameterization is adequate for the inelastic
processes and only approximate for the absorption pro-
cesses which would be better represented by a ρ2 func-
tional. It is thus implicit that the ρ functional for the
absorption provides the correct absorption width for the
average density felt by the process.

Since we are interested in π0γ events, the absorption
channels and decay ω → πππ remove the ω-mesons from
the initial flux. The π0γ events may come from both the ω
decaying inside and outside the nucleus. Only π0γ events
from ω → π0γ decays inside the nucleus carry information
on the ω in-medium properties. If the resonance leaves the
nucleus, its spectral function must coincide with the free
distribution, ImΠω = −m̃ωΓ

free
ω , because the collisional

part of the width is zero in this case. When the ω decays
into the π0γ pair at the point ~r ′ inside the nucleus its mass
distribution is generated according to the in-medium spec-
tral function at the local density ρ(r′). For a given mass
m̃ω the ω-mesons are allowed to decay isotropically in the
c.m. system into the π0γ channel. The direction of the π0

(therefore γ) is then chosen randomly and an appropriate
Lorentz transformation is done in order to generate the
corresponding π0γ distributions in the laboratory frame.
The ω-mesons are reconstructed using the energy and mo-
mentum of the π0γ pair in the laboratory.

4 Propagation of pions in nuclei

The reconstruction of the genuine ω→π0γ mode is affected
by the FSI of the π0 in the nucleus which distorts the π0γ
spectra. In this case, if the π0 events come from the inte-
rior of the nucleus we trace the fate of the neutral pions
starting from the decay point of the ω-meson. In their way
out of the nucleus pions can experience the quasielastic
scattering or can be absorbed. The intrinsic probabilities
for these reactions as a function of the nuclear-matter den-
sity are calculated using the phenomenological models of
refs. [31–33], which also include higher-order quasielastic
cuts and the two-body and three-body absorption mech-
anisms. Since the FSI of the γ quanta are rather weak,
they are allowed to escape the nucleus without distortion.
In this section we briefly summarize the approach used for
the description of the pion propagation in nuclei.

We consider different energy regions where the pi-
ons appear, according to their kinetic energy Tπ. In the
∆(1232) region we use the microscopic ∆h model for
the pion nuclear interaction [31,32]. The formulae for
the probabilities per unit length that a pion undergoes
quasielastic scattering PQE (for Tπ ≤ 390MeV) and that
the pion is absorbed PA (for Tπ ≤ 315MeV) are adopted
from ref. [34]. The latter includes higher-order quasielas-
tic cuts and also the parts corresponding to the two-body
and three-body absorption cuts.

Beyond the ∆(1232)-isobar region, we rely upon ele-
mentary π-nucleon cross-sections, which provide the prob-
ability per unit length for a certain reaction to happen.
For instance, in that region the probability that a pion
undergoes a quasielastic scattering PQ is given by

δPQE

δL
= σ̄QEρ(r), (16)

where σ̄QE is an average of the π0p → π0p and π0n →
π0n cross-sections. It can be determined using the isospin
formalism in terms of the experimentally accessible cross-
sections taken from ref. [35]

σ̄QE ≡
1

2
(σπ0p→π0p + σπ0n→π0n)

=
1

2
(σπ+p→π+p + σπ−p→π−p − σπ−p→π0n). (17)

For the given quasielastic event the angular distributions
are generated in the c.m. frame of the pion and a ran-
dom nucleon in the Fermi sea. Then a Lorentz boost back
to the laboratory is done in order to obtain the energy
and momentum of the pion and outgoing nucleon after
the quasielastic step. Since the outgoing nucleon moving
with the three-momentum |~p ′

N | is subject to Pauli block-
ing, we require that the quasielastic scattering fulfills the
condition |~p ′

N | > kF (r).
Making use of the isospin amplitudes we get for the

charge exchange reaction the following cross-section:

σ̄CX ≡
1

2
(σπ0n→π−p + σπ0p→π+n) = σπ−p→π0n . (18)
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Fig. 2. The result of the Monte Carlo method for the A-dependence of the nuclear transparency ratio TA without (left panel)
and with (right panel) FSI of outgoing pions. A lower cut Tπ > 150MeV on the kinetic energy of the outgoing pions has been
used to suppress the contribution of the distorted events due to FSI. The incident photon beam was constrained in the range
1.45GeV < Eγ < 1.55GeV. The carbon 12C was used as the reference target in the ratio of the nuclear cross-sections. With

Γabs = Γ0
ρ(r)
ρ0

, where ρ0 is the normal nuclear-matter density, the dotted, dashed, dash-dotted, solid and double-dash–dotted
curves correspond to Γ0 = 0MeV, Γ0 = 20MeV, Γ0 = 50MeV, Γ0 = 90MeV and Γ0 = 150MeV, respectively.

And using similar isospin arguments the total reaction
cross-section may be written in the form

σ̄R ≡
1

2
(σπ0p→X + σπ0n→X)

=
1

2
(σπ−p→X + σπ+p→X). (19)

The corresponding probabilities are calculated using the
expression similar to eq. (16). The reaction mechanisms
corresponding to eqs. (18) and (19) remove the pions from
initial flux. Finally, following the steps and parameteriza-
tions of ref. [33] we get the extrapolation of the two- and
three-body absorption mechanisms to higher kinetic ener-
gies of the pions.

5 In-medium ω-meson width and nuclear
transparency

In this section we discuss an extraction of the in-medium
inelastic width of the ω in the photonuclear experiments.
As a measure for the ω-meson width in nuclei we employ
the so-called nuclear transparency ratio

T̃A =
σγA→ωX

AσγN→ωX

, (20)

i.e. the ratio of the nuclear ω-photoproduction cross-
section divided by A times the same quantity on a free
nucleon. T̃A describes the loss of flux of ω-mesons in the
nuclei and is related to the absorptive part of the ω-
nucleus optical potential and thus to the ω width in the
nuclear medium. Furthermore, the A-dependence of the
nuclear transparency ratio should reflect the modification
of the ω-meson width with increasing nuclear-matter den-
sity. This method has been already proven to be very ef-
ficient in the study of the in-medium properties of the

vector mesons [36–38] and hyperons [39]. In ref. [21] the
transparency ratio has been already used to determine the
width of the ω-meson in finite nuclei using the BUU trans-
port approach.

We have done the MC calculations for the sample nu-
clear targets: 12

6 C, 16
8 O, 24

12Mg, 27
13Al, 28

14Si,
31
15P,

32
16S,

40
20Ca,

56
26Fe,

64
29Cu,

89
39Y, 110

48 Cd, 152
62 Sm, 208

82 Pb, 238
92 U. In the fol-

lowing we evaluate the ratio between the nuclear cross-
sections in heavy nuclei and a light one, for instance 12C,
since in this way, many other nuclear effects not related
to the absorption of the ω cancel in the ratio [37]. We call
this ratio TA.

The results of the MC calculation for the A-
dependence of the nuclear transparency ratio TA are pre-
sented in fig. 2. The incident photon beam was constrained
in the range 1.45GeV < Eγ < 1.55GeV —a region which
is considered in the analysis of the CBELSA/TAPS exper-
iment [40,41]. The carbon 12C was used as the reference
target in the ratio of the nuclear cross-sections. In fig. 2
(left panel) we show the results for the transparency ratio
when the collisional broadening and FSI of the ω are taken
into account but without FSI of the pions from ω → π0γ

decays inside the nucleus. With Γabs = Γ0
ρ(r)
ρ0

the dot-

ted, dash-dotted, solid and double-dash–dotted curves in
fig. 2 (left panel) correspond to Γ0 = 0MeV (no ω ab-
sorption), Γ0 = 20MeV, Γ0 = 50MeV, Γ0 = 90MeV
and Γ0 = 150MeV, respectively. In the case without ω-
absorption we do not observe any significant decrease of
the TA. Furthermore, assuming that the distortion factor
in eq. (1) is Ωω = 1 (no FSI at all) leads essentially to the
same result. For other values of the absorption parameter
Γ0 a very strong attenuation of the ω → π0γ signal with
increasing nuclear-mass number A is noted. This is pri-
mary due to the stronger absorption of the ω-mesons with
increasing nuclear-matter density, see eq. (15). Also the
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out (left panel of fig. 2) and TFSI
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of outgoing pions. A lower cut Tπ > 150MeV on the kinetic en-
ergy of the outgoing pions has been used to suppress the contri-
bution of the distorted events due to FSI. The incident photon
beam was constrained in the range 1.45GeV < Eγ < 1.55GeV.
Notations for the curves are the same as in fig. 2.

contribution of the ω-mesons decaying inside the nucleus
is increasing as a function of the mass number A merely
due to an increase in the effective radius of the nucleus.

We have already noted that the FSI of the pions (π-
FSI) distorts the π0γ spectra and the reconstructed π0γ
pairs contain events from the quasielastic steps which ba-
sically lose all information about their source. These π0γ
pairs do not go into the final detection channel since they
appear at much smaller invariant masses. It was already
demonstrated in refs. [42,19] that the contributions of the
distorted events due to the FSI of the pions can be largely
suppressed by using a lower cut Tπ > 150MeV on the
kinetic energy of the outgoing pions. A typical π0 kinetic
energy in the process is Tπ ' 380MeV, hence removing
pions with Tπ < 150MeV does indeed eliminate the pions
which certainly underwent some quasielastic collisions.

We therefore use this cut in the full MC simulation
and, next, we consider the situation when both ω and π0

are subject to FSI in their way out of the nucleus. The
results of the MC simulation with the ω/π-FSI and a cut
Tπ > 150MeV are shown in fig. 2 (right panel). As one
can see the effect of the π-FSI on TA is sizable at small
values of the absorption parameter Γ0. Note that a de-
crease of the ratio TA at Γ0 = 0MeV is caused both by
the stronger π-absorption at higher nuclear-matter densi-
ties and because of the cut we have imposed to remove the
pions interacting via quasielastic scattering from the total
flux. But since the dependence of the transparency ratio
on the ω width is non-linear, the impact of the π-FSI is
already very small at Γ0 ' 90MeV. At this value of the ω
width the two curves with (right panel) and without (left
panel) π-FSI are very close to each other. This can be seen
in fig. 3 where we have plotted the ratio TA/T

FSI
A with

TA and TFSI
A calculated without and with FSI of outgoing

pions, respectively. This moderate effect of the FSI of the
pions should also apply to the pions of the background
from π0π0 production or uncorrelated (no ω) π0γ events,
to which we shall come back in sect. 7.

6 The eikonal (Glauber) approximation

In the following we calculate the nuclear transparency ra-
tio and the distortion factor due to the ω absorption using
the eikonal (or Glauber) approximation. In this framework
the propagation of the ω in its way out of the nucleus can
be accounted for by means of the exponential factor de-
scribing the loss of flux probability per unit length. This
simple but rather reliable method will allow us to get an
accurate result for the integrated cross-sections without
performing an elaborate MC simulation.

We proceed as follows: let Πω be the ω self-energy in
the nuclear medium as a function of the nuclear density,
ρ(r). We have for the collisional width

Γω
2

= −
ImΠω

2Eω

, Γω ≡
dP

dt
, (21)

where P is the probability of ω interaction in the nucleus,
including ω quasielastic collisions and absorption chan-
nels. We shall not consider the part of the ImΠω due to
the quasielastic collisions since, even if the nucleus gets
excited, the ω will still be there to be observed. Thus,
mainly the absorption of the ω is reflected in the loss of
ω events in the nuclear production as we have already
demonstrated using the MC method. This part of the ω
self-energy is the one discussed before, see eq. (15). Hence,
we have for the loss of flux probability per unit length

dP

dl
=

dP

v dt
=

dP

|~pω|

Eω

dt

=
Eω

|~pω|
Γabs (22)

and the corresponding survival probability is given by

exp

[∫ ∞

0

dl(−1)
Eω

|~pω|
Γabs

(
ρ(~r ′)

)]
, (23)

where ~r ′ = ~r + l ~pω
|~pω| with ~r being the ω production point

inside the nucleus.
Then the total photonuclear cross-section A(γ, ω)X is

given by eq. (1) where now the kernel Ωω is replaced by the
eikonal factor of eq. (23). Since, the integration over m̃2

ω

in eq. (1) should not change the normalization of the total
cross-section, one can use in eq. (1) the spectral function
of the free ω, Sω → Sfree

ω .
The results of the eikonal approximation for the A-

dependence of the nuclear transparency ratio TA are
shown in fig. 4 (left panel). The kinematic constraints
and notations for the curves are the same as in fig. 2.
In fig. 4 (right panel) we compare the A-dependence of
the nuclear transparency ratio calculated using the Monte
Carlo simulation method (solid curve) and the eikonal ap-
proximation (dashed curve). In both cases we used the
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Fig. 4. Left panel: the A-dependence of the nuclear transparency ratio TA when using the eikonal approximation (see the text).
The notations for the curves are the same as in fig. 2. Right panel: comparison of the A-dependence of the nuclear transparency
ratio calculated using the Monte Carlo simulation method (solid curve) and the eikonal approximation (dashed curve). The
inelastic width of the ω of Γ0 = 90MeV at ρ0 has been assumed in both calculations.

collisional width (absorptive part) of 90MeV at normal
nuclear-matter densities ρ0, which gives a fair descrip-
tion of the preliminary data of the CB/TAPS Collabora-
tion [41]. As one can see, the two curves are very close to
each other suggesting a remarkable accuracy of the eikonal
approximation. See also related discussions in ref. [21].

There are essential differences in the two approaches.
In the eikonal approximation the ω proceeds always in the
forward direction after any collision following the straight
trajectories in their way out of the nucleus. Furthermore,
in the eikonal approximation the ω-mesons keep always
their original energy, which is not the case in the MC sim-
ulation, where because of the quasielastic steps the energy
depends on the scattering angle. Also the FSI of the pions
coming from the interior of the nucleus is not accounted for
in the eikonal formula. In spite of that, the results of both
methods are rather similar. Although the eikonal method
is very accurate for the total cross-sections at rather big
values of the absorption parameter Γ0, it cannot be used
for the detailed studies of the differential spectra where
the acceptance conditions relevant for the actual experi-
ment must be taken into account like the MC simulation
method does.

The discussion above illustrates why the eikonal ap-
proximation works well for the total ω production rate.
The quasielastic ω collisions are not taken into account
in this approach, but they only produce changes in the ω
direction and energy, not in the ω counts. Furthermore,
the ω produced, after rescattering, will keep as an aver-
age the direction in which it was produced. Finally, using
the results of both methods and taking into account the
preliminary results of CBELSA/TAPS experiment [41] we
get an estimate for the ω width:

Γabs ' 90×
ρ(r)

ρ0
MeV. (24)

This estimate must be understood as an average over the ω
three-momentum. By this we conclude that the measure-

ments of the A-dependence of the nuclear transparency
ratio provide very important information on the absorp-
tive part of the ω-meson width in the nuclear medium.

7 In-medium ω-meson mass and
CBELSA/TAPS experiment

As we have already seen in the previous sections the ω-
mesons which have an increased decay probability inside
the nucleus may carry experimentally observable infor-
mation concerning their in-medium properties. Further-
more, the ω-mesons decaying inside nuclei can be used
for studying their in-medium properties. Success in find-
ing experimental information on these properties suggests
to take a certain kinematic condition where the decay
length Lω = |~pω|/mωΓω of the ω moving with the three-
momentum |~pω| should be less than the nuclear radius.
Therefore, in the actual experiment it is preferred that
the kinetic energy of the ω-meson is small, since in this
case, the fraction of ω-mesons decaying inside the nucleus
can be increased further merely by minimizing the ω de-
cay length. This can be achieved with an incident pho-
ton energy close to the ω-production threshold or using
the kinematical cuts on the ω-meson three-momentum, as
have been demonstrated in refs. [42,19]. The later idea to
gate the ω momenta using the higher momentum cuts has
been used in a recent CBELSA/TAPS experiment where
a significant modification of the ω-meson line shape when
these mesons are produced in a dense medium was re-
ported [28]. This change of the π0γ invariant-mass spec-
tra and an accumulation of additional strength at lower
invariant masses was interpreted as an evidence for the
lowering of the ω mass in nuclei.

At the same time one should note, that the ω line
shape reconstructed from π0γ events strongly depends on
the background shape subtracted from the bare π0γ sig-
nal. In ref. [28] the shape of the background was chosen
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Fig. 5. Left panel: invariant-mass spectra reconstructed from the π0γ events in the (γ, π0γ) reaction from the Nb target (solid
curve). The experimental data are from ref. [28]. The incident photon beam has been constrained in the range 0.9GeV <
Ein
γ < 2.6GeV. The dotted curve is an uncorrelated π0γ background (see the text). Right panel: the same as the left panel

but in linear scale. The dashed and dash-dotted curves correspond to the ω → π0γ events with and without the kinematic
cut |~pπ0γ | < 500MeV, respectively. The normalization without cut is arbitrary. The solid line corresponds to the sum of the

background and the dashed line. Inset (left panel): the π0γ invariant-mass spectra in the elementary p(γ, π0γ)p reaction. The
same background line shape (dotted curve) as for the Nb target has been used. The solid line is the sum of the background and
ω → π0γ events.

such that it accounted for all the experimental strength
at large invariant masses. This choice was done both for
the elementary γp → π0γp reaction as well as for nuclei.
As we shall show, this choice of background in nuclei im-
plies a change of the shape from the elementary reaction
to that in the nucleus for which no justification was given.
We shall also show that when the same shape for the back-
ground as for the elementary reaction is chosen, the exper-
iment in nuclei shows strength at invariant masses higher
than mω where the choice of [28] necessarily produced no
strength. We will also see that the experimental data can
be naturally interpreted in terms of the large in-medium ω
width discussed above without the need to invoke a shift
in the ω mass in the medium.

In fig. 5 we show the experimental data (solid his-
togram) for the π0γ invariant-mass spectra in the reaction
(γ, π0γ) [28] from the 92

41Nb target. The inset (left panel)
corresponds to the π0γ spectra from the hydrogen tar-
get. In our MC calculations the incident photon beam has
been constrained in the range 0.9GeV < Ein

γ < 2.6GeV.
The higher momentum cut |~pπ0γ | = |~pπ0 + ~pγ | < 500MeV
on a three-momentum of the π0γ pair was imposed as
in the actual experiment. First, we use the hydrogen tar-
get, see inset in fig. 5 (left panel), to fix the contribution
of the uncorrelated π0γ background (dotted curve) which
together with the π0γ signal from ω → π0γ decay, folded
with the Gaussian experimental resolution of 55MeV as

in ref. [28], gives a fair reproduction of the experimental
spectra. Then we assume the same shape of the π0γ back-
ground in the photonuclear reaction. Assuming the same
shape does not imply that there is no modification of the
background in the nucleus. That is, we do not imply that
σA = AσN for the background, but only that we can take
the same proportionality factor between σA and σN in a
region of 100–150MeV for Mπ0γ around the ω peak. The
weak effect of the FSI of the pions found in sect. 5, with
the cuts imposed in the experiment, strongly supports this
assumption.

In the following we use the ω inelastic width of Γ0 =
90MeV at ρ0. The exclusive ω → π0γ MC spectra is shown
by the dashed curve (right panel). The solid curve is the
reconstructed π0γ signal after applying the cut on π0γ
momenta and adding the background fixed when using
the hydrogen target (dotted curve). Note that the shape
of the exclusive π0γ signal without applying a cut on π0γ
momenta (dash-dotted curve) is dominated by the experi-
mental resolution and no broadening of the ω is observed.
This is in agreement with the data of ref. [28]. But apply-
ing the cut one increases the fraction of in-medium decays
coming from the interior of the nucleus where the spectral
function is rather broad and as a result the broadening
of the π0γ signal with respect to the signal (without cut)
can be well seen. The resulting MC spectra (solid curve)
shows the accumulation of the π0γ events from the left
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Fig. 6. Invariant-mass spectra reconstructed from π0γ events.
The kinematic constraints are the same as in fig. 5. The band
corresponds to the changes of the in-medium ω mass accord-
ing to mω ± 40(ρ/ρ0)MeV. The serrated line corresponds to
the scaling of the ω mass mω(1− 0.16ρ/ρ0). The dotted curve
is the ω → π0γ signal without applying the kinematic cuts.
The background (dotted curve in fig. 5) has been subtracted
from the experimental data of ref. [28]. See the text for further
explanations. Inset: the π0γ signal from the hydrogen target.

and right sides of the mass spectra, and it is consistent
both with our choice of the uncorrelated π0γ background
and experimental data.

It is interesting to stress here that the choice of the
background done in [28] significantly changes it from the
proton target to the nucleus. Indeed, inspection of fig. 5 (a)
of ref. [28] clearly shows that while the background on the
proton has a kind of convex parabolic form (see this also in
fig. 5 here, inset), the background chosen for Nb in [28] is
a straight line in the logarithmic plot. This increases the
assumed background with respect to that induced from
the proton experiment at high masses which is difficult to
justify. Indeed, even if the distortion on the pions from FSI
is not large, its effect should go into degrading the pion
energy and consequently moving events to lower π0γ in-
variant masses, hence reducing relatively the background
at higher π0γ masses, not increasing it.

We have also done the exercise of seeing the sensitivity
of the results to changes in the mass. In the dark band of
fig. 6 we show the results of having the ω mass in between
mω ± 40ρ/ρ0 MeV. The narrowness of the band indicates
that the experimental data could not be precise enough
to distinguish between these cases. In other words, this
experiment is too insensitive to changes in the mass to
be used for a precise determination of the shift of the ω
mass in the nuclear medium. On the other hand, we have
shown that the results are more sensitive to changes in

the width of the ω in the medium. This is due to the
fact that an increased width produces more decays of the
ω in the medium which allows one to see changes in the
π0γ spectra. This larger sensitivity of the results to the
width than to mass change was already observed in stud-
ies of the ρ production in nuclei [43]. In any case, we
have checked what the results would be should we assume
mω(1−0.16ρ/ρ0), i.e., a shift of 125MeV at ρ = ρ0 as sug-
gested in ref. [3]. We can see the results in the thick ser-
rated line in fig. 6 which shows a visible asymmetry with
respect to the dark band, the one we have shown to be
compatible with experiment for our choice of background.
We should note that the peak position barely moves since
it is dominated by the decay of the ω outside the nucleus.

8 Conclusions

We have performed calculations of the (γ A → π0γ X)
reaction for π0γ invariant masses around the ω mass. A
clear signal is seen in the experiment for ω production
with subsequent π0γ decay, both for the elementary reac-
tion on a proton target as well as in the nuclear targets. In
addition there is a sizable background that has to be sub-
tracted in order to identify the ω signal in the proton and
nuclear targets. We have performed a Monte Carlo simu-
lation of the ω production followed by its decay into π0γ,
with a detailed study of the final-state interaction of the
particles involved in the process. The invariant mass dis-
tribution of the π0γ pairs is evaluated when the particles
have left the nucleus. We compare our theoretical results
with the experimental data and induce from there that
the data are compatible with an ω in the medium width
of around 90MeV at normal nuclear matter and no shift
in the mass. This large width in the medium is compatible
with preliminary results obtained from the transparency
ratio in ω production in nuclei for which we also present
theoretical results here.

The results obtained here for the mass shift disagree
with those formerly claimed in [28] and we show that the
reason for this discrepancy is due to a different choice of
background. In [28] the background for nuclear targets did
not scale with respect to the one on proton targets and the
shape assumed for both targets was manifestly different.
The choice of background in nuclei was done such as to
cut the contribution of high ω invariant masses. By means
of this choice, the shape of the ω mass distribution in nu-
clei was asymmetric, showing additional strength only at
masses smaller than the ω mass which induced the authors
to claim that there was a shift of mass to lower invariant
masses. We have done a different choice of background,
more suited for the studied reaction, which is to take the
same shape for the background in nuclei as for the proton
target. With this choice of background, the ω invariant-
mass distribution is symmetric and explained in terms of
the enlarged ω width in the medium with no need to in-
voke a shift in the mass. We also show that the reaction
is not well suited to make precise determinations of the
mass, and see that the data could not distinguish between
masses in a range mω ± 40ρ/ρ0 MeV.
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