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Due to their long lifetimes, the ω and φ mesons are the ideal candidates for the study of possible modifications of the in-medium meson-nucleon interaction through their absorption inside the
nucleus. During the E01-112 experiment at the Thomas Jefferson National Accelerator Facility,
the mesons were photoproduced from 2 H, C, Ti, Fe, and Pb targets. This paper reports the first
measurement of the ratio of nuclear transparencies for the e+ e− channel. The ratios indicate larger
in-medium widths compared with what have been reported in other reaction channels.
PACS numbers: 11.30.Rd, 14.40.Cs, 24.85.+p

The properties of hadrons, such as their masses and
widths, are predicted to be modified in dense and/or hot
nuclear matter. Particular attention has been given to
the modifications of the properties of vector mesons [1–4]
in ordinary nuclear matter where chiral symmetry is predicted to be partially restored. Different models predict
relatively large measurable changes in the mass and/or
the width of these mesons [5–8]. The e+ e− decay channel
of the ρ, ω, and φ has negligible final-state interactions
(FSI), providing an ideal tool to study the possible inmedium modifications of these mesons. Due to its short
lifetime, the ρ meson has a substantial probability of decaying in the nucleus, while the ω and φ mesons tend
to decay outside. In order to directly observe any inmedium modifications of the ω and φ mesons, one has to
select those produced with very small momentum relative
to the nucleus, so that they remain in the nucleus until
they decay. With such an experiment, it is difficult to
collect enough statistics in a reasonable amount of time.
The E01-112 experiment at the Thomas Jefferson National Accelerator Facility (JLab) has studied possible
modifications of the ρ, ω, and φ mesons with momenta
greater than 0.8 GeV. The results for the ρ meson have
been reported in Refs. [9, 10]. In this paper, we present
the results for the ω and φ mesons. The observed ω and
φ mesons in this experiment are produced at relatively
large momenta, with a majority of them decaying outside of the nucleus. However, their in-medium width can
be extracted from their absorption in the nuclei. The
in-medium width is given by Γ = Γ0 + Γcoll , where Γ0
is the natural width in vacuum and Γcoll is the width
due to collisional broadening. Using the low-density theorem [11], Γcoll = γρvσV∗ N , where γ is the Lorentz factor,
ρ is the mean effective nuclear density, v is the velocity
of the meson, and σV∗ N is the meson-nucleon total cross
section in the nucleus. The low-density theorem assumes
the density of nucleons is small so that the meson scatters off of a single nucleon. Thus, meson modifications
can be extracted from a measurement of the in-medium
meson-nucleon cross section.
A broadening of the in-medium width can be at-

tributed to a number of effects. A lowering of the meson
mass raises the number of sub-threshold channels available to the meson. Another effect is the modification of
their hadronic components. In the case of the ω meson,
one can consider it as a virtual πρ pair, where both the
pion and the ρ meson are modified by the medium. Similarly, the φ meson can be considered a virtual K + K −
pair, with in-medium modification of the kaons. These
medium effects are discussed in detail by Refs. [12–15]
for the ω meson and by Refs. [16–20] for the φ meson.
An extensive review of previous experiments searching for modifications of the light vector mesons can be
found in Ref. [3]. For the ω meson, the KEK-E325 and
CB-ELSA/TAPS experiments disagree on the measured
masses and widths. In the KEK-E325 experiment, the ρ,
ω, and φ mesons were produced with a 12-GeV proton
beam on C and Cu and were detected by their decays to
e+ e− . The CB-ELSA/TAPS collaboration investigated
the reaction γA → ωX → π 0 γX with targets of deuterium and Nb. In this measurement, the ρ → π 0 γ decay channel is suppressed by two orders of magnitude in
comparison to the ω meson; however, the outgoing π 0 ’s
interact strongly in the nucleus. The KEK-E325 collaboration reported a 9% decrease in the ω-meson mass with
no change in the width [21]. The CB-ELSA/TAPS results indicate no mass shift [24] and an in-medium width
of 130-150 MeV [25].
For the φ meson, the KEK-E325 collaboration reported no change to the mass, but an in-medium width
of 14.4 MeV [22, 23]. This disagrees with the measurement at SPring8. At the SPring8 facility, the inmedium φN interaction was studied with the reaction
γA → φX → K + K − X on Li, C, Al, and Cu targets [26].
This measurement had the complication of kaon finalstate interactions. They reported the in-medium φN
cross section to be 35+17
−11 mb, which corresponds to a
collisionally-broadened width of 35 MeV. The SPring8
result is in agreement with two other JLab measurements: one is the coherent φ-meson photoproduction on
the deuteron [27] and the other is from the d(γ, pK+ K− )n
reaction [28]. This paper addresses these discrepancies
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with new measurements from JLab of the in-medium
widths of both mesons in heavy nuclei.
For this JLab experiment, we studied the in-medium
meson widths with the reaction γA → V X → e+ e− X,
where V is either the ω or φ meson. This measurement
is the only one with electromagnetic probes in both the
incoming and outgoing channels. A beam of real photons
illuminated the entire nuclear volume, while the lepton
pair suppressed FSI effects. The experiment was conducted with the CEBAF Large Acceptance Spectrometer
(CLAS) [29] and the photon tagging facility [30] in Hall
B. The CLAS detector is ideal because of its designed
multi-particle detection capabilities and its excellent electron identification. The photon beam energy ranged up
to 4 GeV. The targets were 2 H, C, Ti, Fe, and Pb. Since
the Ti and Fe nuclei have similar sizes, their data were
combined and the notation Fe − Ti is used throughout
the paper. All target materials were in the beam simultaneously, separated by 2.0 cm along the beam direction, to eliminate possible multiple scattering of the
outgoing leptons. The target thicknesses were 1 g/cm2
with up to 10% variations between the individual targets.
More details about the current experiment can be found
in Refs. [9, 10].
To access the A-dependence of the modifications, the
nuclear transparency was determined for the individual
targets. The transparency is defined as TA = σA /AσN ,
where σA and σN are the nuclear and nucleon total cross
sections, respectively. To obtain the experimental cross
sections, the yields, acceptance, and target thicknesses
were determined. The number of incident photons canceled in the ratio of cross sections.
To extract the meson yields, a spectrum of the e+ e−
mass was reconstructed for each target, and the ρ-meson
shape has been subtracted. The shape of the ρ meson was
taken from the realistic GiBUU transport model [31, 32],
which reproduced current JLab ρ data [9, 10]. The ρmeson contribution was normalized to match the e+ e−
mass spectrum in the region between the ω and φ mesons
(0.85 ≤ M ≤ 0.95 GeV) and subtracted. The top
plot in Fig. 1 shows the mass spectrum for the 2 H target before the subtraction, along with the normalized
ρ-meson line shape. The other plots in the figure show
the mass spectra for the four targets after removal of the
ρ-meson contribution. These mass spectra differ from
those shown in Refs. [9, 10] because a higher cut of
0.7 GeV was applied to the lepton momentum. The yields
were the sum of the counts in the region of the mesons
(0.75 ≤ Mω ≤ 0.82 GeV, 0.99 ≤ Mφ ≤ 1.05 GeV). The
positive counts below and the negative counts above the
ω-meson mass may be indicative of ρ-ω interference. Instead of a fit to extract the amplitudes and phase angle,
upper and lower limits on the yields were determined by
summing the absolute value of the counts and by summing the positive and negative counts, respectively.
The acceptances were averaged over the mass range

FIG. 1: (color online) The e+ e− mass spectra before and
after the subtraction of the ρ-meson contribution. The top
2
H plot shows the mass spectrum before subtraction. The
red histogram is the normalized ρ-meson line shape. The
remaining histograms are after subtraction and are labeled
by target. The shaded bands are the integration ranges of
the ω and φ mesons.
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of each individual meson and spanned from about 3-5%
between the targets for the ω-meson channel and 8-12%
for the φ-meson channel.
To eliminate the nucleon cross section in the analysis of
the transparency, a ratio was made of the heavier target
transparencies and the 2 H transparency, TA /T2 H . Fig. 2
is a plot of the ratios for the ω and φ mesons. For both
mesons, the ratio decreases rapidly with A, indicating a
substantial increase of the in-medium width with target
atomic mass.

to the upper limit for this data point.
In order to extract information about the in-medium
ωN and φN cross sections, a Glauber calculation was
made following the prescription of Refs. [12, 33]. Fig. 3
shows a comparison of the data and the Glauber calculations with a range of in-medium cross sections. For
the φ meson, σV N is in the range of 16-70 mb. The
transparency ratios were normalized to the carbon data
(TA /TC ) in order to compare with previous data and calculations in Ref. [25].
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FIG. 2: (color online) Transparency ratios, normalized to deuterium, versus atomic mass for the ω meson (red squares) and
φ meson (blue triangles). The inner error bars are the statistical uncertainties. The outer error bars represent the total
uncertainties, statistical and systematic summed in quadrature. For the ω meson, the statistical error bars contain the
upper and lower limits.

The systematic uncertainties were determined for the
vertex matching of the leptons and the yield extraction.
The leptons in each event were matched by their difference in z-position along the beamline, the radial position r in the target, and by the difference in their vertex
time ∆t. More information on these quantities and on
the determination of the related systematic uncertainties
can be found in Refs. [9, 10]. For both meson channels,
the range in the uncertainties for vertex matching was
from 0.5-7.0% as a function of A, with the Pb target
having the highest value. For the yield extraction, a systematic study of the ρ-meson subtraction, varying the
bin width and a lepton momentum cut [9, 10], produced
uncertainties from 10-20% for the ω-meson analysis and
3-8% for the φ-meson analysis. These uncertainties dominated the error. The total systematic uncertainties were
20% (C), 11% (Fe − Ti), and 18% (Pb) for the ω meson
and 7% (C), 9% (Fe − Ti), and 8% (Pb) for the φ meson.
It should be noted that the lower limit on the ω-meson
transparency ratio for the Pb data is zero. Therefore, it
was only meaningful to apply the systematic uncertainty
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FIG. 3: (color online) Transparency ratios, normalized to carbon, versus atomic mass for the ω meson (a) and φ meson (b).
The curves are Glauber calculations where the σV N is given
in the legend. The error bars are described in Fig. 2.

The ω meson data are not reproduced by the Glauber
calculations. To investigate further, these transparency
ratios were compared with the results by the CBELSA/TAPS experiment and the calculations by the Valencia and Giessen groups [25]. The calculations by the
Valencia group are based on photoproduction of the ω
meson off the nucleon and a Monte Carlo simulation of
the propagation of the meson and its decay products
through the nucleus [13]. The Giessen model also starts
with elementary production; however, a BoltzmannUehling-Uhlenbeck transport calculation is used for the
propagation [12]. The comparisons are shown in Fig. 4.
The present results show much greater broadening than
the theoretical calculations and the CB-ELSA/TAPS results. Even with the upper limit placed on the Pb data
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point, the in-medium width is greater than 200 MeV.
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FIG. 4: (color online) Comparisons of the ω-meson transparency ratios, normalized to carbon, with theoretical calculations and previous experimental results. The red squares
are the JLab data, while the blue circles are from the CBELSA/TAPS experiment [25]. The curves are the calculations
from the Giessen and Valencia groups. The legend lists the
in-medium widths employed in each calculation. The JLab
error bars are described in Fig. 2.

The in-medium widths of the ω and φ mesons have
been extracted by utilizing the ratio of nuclear transparencies. Large absorption strengths for both mesons
have been observed, which implies an increase of the inmedium widths. For the φ meson with its strange-quark
content, the modifications are expected to originate from
the dressing of the virtual K K̄ loops and not from nucleon resonances coupling to the φN system [16]. The
width is predicted to increase with very little change in
the mass [17, 18]. The experimental results show an
increase but disagree on the size. The KEK-E325 and
SPring8 collaborations measured widths of 14.4 MeV [21–
23] and 35 MeV [26], respectively. Our result is 23100 MeV and overlaps with the SPring8 measurement.
In calculating the widths, ρ = 0.5ρ0 = 0.08 fm−3 is
used for the effective density. These results imply that
the in-medium φN total cross section is much larger
than in free-space and is comparable with other mesonnucleon total cross sections (σρN , σωN , and σηN ) in free
space [33]. Ref. [28] offers an interesting explanation for
the larger φN cross section in deuterium in their data
and that of Ref. [27]. They claim the increase is related
to the mixing between the ω and φ mesons. The ω meson is produced on one nucleon and elastically scatters
off of a second nucleon. The matrix element of the ω meson has the same structure as the φ-meson rescattering
matrix element, so there is an enhancement to the ef-

fective σφN . An extension of our experiment with more
statistics can test this idea further, since both mesons are
produced in nuclei and are present in the reconstructed
mass spectrum. [35].
For the ω meson, our results indicate more absorption than can be accounted for by the published CBELSA/TAPS results [25]. Unlike our measurement, the
CB-ELSA/TAPS experiment has to contend with the
final-state interactions of the π 0 . In addition, the disagreement may be due to the average meson-momenta
in each measurement, 1.1 GeV (CB-ELSA/TAPS) and
1.7 GeV (JLab). To perform a proper comparison, each
result needs to be scaled to match the kinematics. In
Ref. [25], the Pb data is divided into 5 momentum bins
with the highest bin at about 1.7 GeV. The transparency
ratio for this data point is about twice as large as our Pb
data point in Fig. 4. Even with similar meson momentum, there is still a discrepancy. Our larger absorption
may be evidence of destructive ρ-ω interference in the
medium. Since the CB-ELSA/TAPS decay channel is
ω → π 0 γ, the mixing with the ρ meson is negligible.
With our experiment, both mesons decay into e+ e− with
similar strengths. The E04-005 experiment at JLab collected data in 2008 with a high-intensity photon beam
on a 1 H target [34]. These data are being analyzed for
the elementary processes, that will provide necessary information for the in-medium interpretation. The results
will be published in a forthcoming article.
The stronger ω-meson absorption cannot be explained
with current theoretical calculations. Our Glauber calculation cannot reproduce the data, even as it converges
at high cross sections. Moreover, both the Giessen and
Valencia models [25] indicate that the in-medium width
should be greater than 200 MeV.
As with the ω meson, the φ-meson experiments had
different average meson momenta.
The values are
<1.25 GeV (KEK-E325), 1.7 GeV (SPring8), and 2 GeV
(JLab). Taken together, the results show evidence of a
momentum dependence of the in-medium width. The
E08-018 experiment at JLab will allow for a study of the
momentum dependence and will produce more definitive
results of the meson absorption [35].
Our results are the first to measure the ω- and φ-meson
absorptions by means of their rare decay into e+ e− and
complement previous measurements with hadronic decay
channels. These results will impact relativistic heavyion studies and medium modification searches. For the
relativistic heavy-ion transport calculations, they provide
more realistic values of the in-medium widths. For direct
measurements of the medium-modified mass and width
with low-momentum mesons, there is a reduction in the
sensitivity since these mesons are more likely to interact
in the medium before they decay.
Our results show a strong absorption for both mesons.
The φ-meson result indicates that the in-medium cross
section is much larger than that in free space. The free
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space value is less than 10 mb [36, 37], while our measurement is in the range of 16-70 mb. This range is
closer to the free-space ρN and ωN cross sections. The
ω-meson result shows greater absorption than the CBELSA/TAPS measurement. Our transparency ratio for
the Pb nucleus is around 14%. The theoretical calculations cannot account for the increased absorption. Other
effects such as momentum dependence or in-medium ρ-ω
interference may be responsible.
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