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Introduction

• The origin of the hadron mass is the spontaneous breaking of chiral 
symmetry. 
• Under finite density and/or temperature, the symmetry is partially restored. 
• According to the QCD sum rule, the mass of the ρ/ω meson is reduced 
by 16% at the normal nuclear density.
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Previous experiments (CLAS, 2008)
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Table 1 Summary of the existing experiments. Each experiment varied in terms of the pro-

duction reaction, the decay channel being measured, and the method employed to estimate

modifications. The details are described in Sec. 2.2.

Reaction Channel Method Conclusion

CLAS [30] �A ⇢ ! e+e� Mass shape No mass shift,

Broadening

CLAS [31] �A ! ! e+e� Transparency ratio Broadening

(> 200 MeV/c2)

CB/TAPS[32, 33] �A ! ! ⇡0� Mass shape Low sensitivity

CB/TAPS[34, 35] �A ! ! ⇡0� Transparency ratio Broadening

(60-200 MeV/c2)

KEK E325[17] pA ⇢/! ! e+e� Mass shape Mass shift (⇠ 9%),

No broadening

The KEK experiment concluded a finite mass shift but no broadening for ⇢ and ! mesons.

Conversely, the CLAS experiment concluded broadening for the ⇢ meson, attributed to

collisional broadening, without any discernible mass shifts. Furthermore, its upper limit was

lower than that of the KEK result. Meanwhile, the TAPS results indicated broadening of

the ! meson, despite di↵erences in the decay channels and measurement methods.

To better understand these discrepancies, we conducted a thorough examination of E325

data. Initially, we examined the ��-dependence of the mass spectra as our � meson analysis.

[18] The mean flight length before the decay, is expressed by ��c⌧ . Here, ⌧ is the mean life

of the particle. When we classify the meson spectra data by ��, for the lower �� data, the

larger fraction of inside-nucleus decay is expected in the spectrum and the shape modification

could be also larger. To this end, we increased the statistics of the analyzed data. Although

the analysis of � meson[18] used all statistics we have, the previous analysis for ⇢ and !

meson [17] used only two-third of the full statistics. In this time, the remaining one-third of

data of are newly used. In addition, we refined our analysis by optimizing kinematical cuts

to widen the acceptance coverage of the detector and improving fiducial cut parameters to

ensure uniform acceptance across all target positions. As a result, the number of obtained

! meson decays were significantly increased from 6900 in the previous study to 14860 in the

current study.

New model calculations were performed incorporating the following e↵ects. We consid-

ered a non-Breit-Wigner distribution to model the mass distributions in a medium. While

our original analysis relied on relativistic Breit-Wigner distributions, the CLAS analysis

employed a di↵erent, nonsymmetric distribution. We adopted the same distribution as in

the CLAS analysis. Additionally, based on recent theoretical developments, we updated

the form factors of the Dalitz decays of ! and ⌘ mesons. We utilized the event generator

Pluto [39] to include them. Moreover, internal radiative corrections were applied to each

mass spectra using the code PHOTOS [36] , before the detector simulation was applied to

take account into the experimental e↵ects.
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CLAS, PRL 105, 112301 (2010)

• Red: CLAS, Blue: TAPS 
• The results indicate that the width 
broadening was greater than 200 MeV.
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35 MeV [27], respectively. Our result is 23–100 MeV and
overlaps with the SPring8 measurement. In calculating the
widths, ! ¼ 0:5!0 ¼ 0:08 fm"3 is used for the effective
density. These results imply that the in-medium "N total
cross section is much larger than in free-space and is
comparable with other meson-nucleon total cross sections
(#!N ,#!N, and#$N) in free-space [34]. Ref. [29] offers an

interesting explanation for the larger "N cross section in
deuterium in their data and that of Ref. [28]. They claim the
increase is related to the mixing between the ! and "
mesons. The ! meson is produced on one nucleon and
elastically scatters off of a second nucleon. The matrix
element of the ! meson has the same structure as the
"-meson rescattering matrix element, so there is an
enhancement to the effective #"N . 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].

Our !-meson results indicate more absorption than can
be accounted for by the published CB-ELSA/TAPS results
[24]. Unlike our measurement, the CB-ELSA/TAPS ex-
periment has to contend with the final-state interactions of
the %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 (CLAS). To perform a
proper comparison, each result needs to be scaled to match
the kinematics. In Ref. [24], 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, the discrepancy remains. Our larger absorp-
tion may be evidence of destructive !"! interference in
the medium. Since the CB-ELSA/TAPS decay channel is

! ! %0&, the mixing with the !meson is negligible. With
our experiment, both mesons decay into eþe" with similar
strengths. The E04-005 experiment with CLAS collected
data in 2008 with a high-intensity photon beam on a 1H
target [36]. These data are being analyzed for the elemen-
tary processes, that will provide necessary information for
the in-medium interpretation. The results will be published
in a forthcoming article.
The stronger !-meson absorption cannot be explained

with current theoretical calculations. Our Glauber calcu-
lation cannot reproduce the data, even as it converges at
high cross sections. Based on Fig. 4, both the Giessen and
Valencia models [24] indicate that the in-medium width
should be greater than 200 MeV.
As with the ! meson, the "-meson experiments had

different average meson momenta. The values are
<1:25 GeV (KEK-E325), 1.7 GeV (SPring8), and 2 GeV
(CLAS). Taken together, the results show evidence of a
momentum dependence of the in-medium width. The E08-
018 experiment with CLAS 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 !- and "-meson

absorptions by means of their rare decay into eþe" and
complement previous measurements with hadronic decay
channels. These results will impact relativistic heavy-ion
studies and medium modification searches. For the relativ-
istic 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 "-meson result indicates that the in-medium cross
section is much larger than that in free space. The free-
space value is less than 10 mb [37,38], while our measure-
ment is in the range of 16–70 mb. This range is closer to the
free-space !N and !N cross sections. The !-meson result
shows greater absorption than the CB-ELSA/TAPS mea-
surement. Our transparency ratio for the Pb nucleus is
around 14%. The theoretical calculations cannot account
for the increased absorption. Other effects such as momen-
tum dependence or in-medium !"! interference may be
responsible.
We would like to thank the staff of the Accelerator and

Physics Divisions at JLab. This work was supported in part
by the U.S. Department of Energy, the National Science
Foundation, the Research Corporation, the Italian Istituto
Nazionale di Fisica Nucleare, the French Centre National
de la Recherche Scientifique, the French Commissariat
á l’Energie Atomique, the National Research Foundation
of Korea, the U.K. Science and Technology Facilities
Council (STFC), Deutsche Forschungsgemeinschaft, and
the Chilean Comisión Nacional de Investigación Cientı́fica
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FIG. 4 (color online). Comparison of the !-meson transpar-
ency ratios, normalized to C, between CLAS data (red squares),
CB-ELSA/TAPS results [13] (blue circles), and calculations
from the Giessen and Valencia groups (curves). The legend lists
the in-medium widths used in each calculation. The CLAS errors
are described in Fig. 2.
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Al, and Cu targets [27]. This measurement had the compli-
cation of kaon final-state interactions. They reported the
in-medium !N cross section to be 35þ17

"11 mb, which corre-
sponds to a collisionally-broadened width of 35 MeV.
The SPring8 result is in agreement with two other JLab
measurements: one is the coherent !-meson photoproduc-
tion on the deuteron [28] and the other is from the
dð"; pKþK"Þn reaction [29]. This paper addresses these
discrepancies 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 "A ! VX ! eþe"X,
where V is either the ! or ! 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) [30] and the photon tagging facility [31] in Hall
B. The CLAS detector is ideal because of its designed
multiparticle detection capabilities and its excellent elec-
tron identification. The photon beam energy ranged up to
4 GeV. The targets were 2H, 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. 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. [10,11].

To access the A dependence of the modifications, the
nuclear transparency was determined for the individual
targets. The transparency is defined as TA ¼ #A=A#N ,
where #A and #N 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 can-
celed in the ratio of cross sections.

To extract the meson yields, a spectrum of the eþe" mass
was reconstructed for each target, and the $-meson shape
was subtracted. The shape of the $ meson was taken from
the realistic GiBUU transport model [32,33], which repro-
duced current CLAS $ data [10,11]. The $-meson contri-
bution was normalized to match the eþe" mass spectrum in
the region between the ! and ! mesons (0:85 & M &
0:95 GeV) and subtracted. The top plot in Fig. 1 shows
the mass spectrum for the 2H target before the subtraction,
along with the normalized $-meson shape. The other plots
in the figure show the mass spectra for the four targets after
removal of the $-meson contribution. The yields were the
sum of the counts in the region of the mesons (0:75 &
M! & 0:82 GeV, 0:99 & M! & 1:05 GeV). The positive

counts below and the negative counts above the !-meson
mass may be indicative of $-! interference. Instead of

extracting 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 of

each meson and spanned from about 3%–5% between the
targets for the !-meson and 8%–12% for the ! meson.
To eliminate the nucleon cross section in the transpar-

ency, a ratio was made of the heavier target transparencies
and the 2H transparency, TA=T2H. Figure 2 is a plot of the

ratios for the ! and ! mesons. For both mesons, the ratio
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FIG. 1 (color online). Mass spectra before and after the
$-meson subtraction. The top plot shows the 2H spectrum before
subtraction (black) with the normalized $-meson shape (red).
Other histograms, labeled by target, are after subtraction. Shaded
bands are ! and !-meson integration ranges.

PRL 105, 112301 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

10 SEPTEMBER 2010

112301-3



Previous experiments (TAPS, 2016)
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Table 1 Summary of the existing experiments. Each experiment varied in terms of the pro-

duction reaction, the decay channel being measured, and the method employed to estimate

modifications. The details are described in Sec. 2.2.

Reaction Channel Method Conclusion

CLAS [30] �A ⇢ ! e+e� Mass shape No mass shift,

Broadening

CLAS [31] �A ! ! e+e� Transparency ratio Broadening

(> 200 MeV/c2)

CB/TAPS[32, 33] �A ! ! ⇡0� Mass shape Low sensitivity

CB/TAPS[34, 35] �A ! ! ⇡0� Transparency ratio Broadening

(60-200 MeV/c2)

KEK E325[17] pA ⇢/! ! e+e� Mass shape Mass shift (⇠ 9%),

No broadening

The KEK experiment concluded a finite mass shift but no broadening for ⇢ and ! mesons.

Conversely, the CLAS experiment concluded broadening for the ⇢ meson, attributed to

collisional broadening, without any discernible mass shifts. Furthermore, its upper limit was

lower than that of the KEK result. Meanwhile, the TAPS results indicated broadening of

the ! meson, despite di↵erences in the decay channels and measurement methods.

To better understand these discrepancies, we conducted a thorough examination of E325

data. Initially, we examined the ��-dependence of the mass spectra as our � meson analysis.

[18] The mean flight length before the decay, is expressed by ��c⌧ . Here, ⌧ is the mean life

of the particle. When we classify the meson spectra data by ��, for the lower �� data, the

larger fraction of inside-nucleus decay is expected in the spectrum and the shape modification

could be also larger. To this end, we increased the statistics of the analyzed data. Although

the analysis of � meson[18] used all statistics we have, the previous analysis for ⇢ and !

meson [17] used only two-third of the full statistics. In this time, the remaining one-third of

data of are newly used. In addition, we refined our analysis by optimizing kinematical cuts

to widen the acceptance coverage of the detector and improving fiducial cut parameters to

ensure uniform acceptance across all target positions. As a result, the number of obtained

! meson decays were significantly increased from 6900 in the previous study to 14860 in the

current study.

New model calculations were performed incorporating the following e↵ects. We consid-

ered a non-Breit-Wigner distribution to model the mass distributions in a medium. While

our original analysis relied on relativistic Breit-Wigner distributions, the CLAS analysis

employed a di↵erent, nonsymmetric distribution. We adopted the same distribution as in

the CLAS analysis. Additionally, based on recent theoretical developments, we updated

the form factors of the Dalitz decays of ! and ⌘ mesons. We utilized the event generator

Pluto [39] to include them. Moreover, internal radiative corrections were applied to each

mass spectra using the code PHOTOS [36] , before the detector simulation was applied to

take account into the experimental e↵ects.
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Previous results of the E325 
(Naruki et al., 2006)
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• Significant excesses 
were observed at the 
left side of ω meson’s 
peak. 
•Model fit concludes 
- The masses of ρ/ω 
mesons are reduced 
by about 9%, and the 
widths are not 
broadened.

M. Naruki et al., Phys. Rev. Lett. 96 (2006) 092301.



Present analysis
• To better understand these discrepancies, we conducted a re-
analysis of the E325 data. 
• To study βγ-dependence, the improvement of statistics was 
needed. 
- Improved fiducial cut 
- Increased dataset (Previous: 2002 data -> Present: 2001+2002 
data) 
- The improvement was a factor of three. 
• The other updated points from the previous analysis 
- Internal radiative correction (IRC) 
- More recent form factors of Dalitz decay were used. 
- The asymmetric mass distribution function was applied in the 
model calculation.
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Determination of the fiducial cut

• The cut was applied by the angle of the track at the target 
position to align acceptances at all target locations. 
• The cut values were determined based on simulation.
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Determination of the fiducial cut

•We refined our 
analysis by optimizing 
kinematical cuts. 
• The acceptance 
coverage of the 
detector was 
widened. 
• As a result, the 
number of ω mesons 
was increased by a 
factor of 2.
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Dalitz decay
• Form factors of the Dalitz decays were calculated by “PLUTO”. 
- (Based on Vector Meson Dominance model) 
• Helicity angle distribution 1+cos2θ was used.
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Internal radiative corrections (IRC)

• The effect of QED correction was not applied in the previous analysis. 
• Calculated by “PHOTOS” 
• IRC was applied to not only two body decays but also Dalitz decays
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Momentum and mass resolution of the E325 (Geant4)
• Tuned for the ω meson’s peak 
(position and width) 

•Momentum resolution 

•Mass resolution 
- about 8 MeV at omega 
meson’s mass 

•Well reproduced the obtained 
peak except for excess region
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Fig. 25 (a) Invariant masses of ⇡+ and ⇡�. Closed circles with error bars represent the

data. The histogram represents the best-fit result obtained using the simulated shape of K0
s

and a quadratic background. (b) Invariant masses of p and ⇡�. Closed circles with error

bars depict the data. The histogram denote the best-fit result obtained using the simulated

shape of ⇤ and a linear background. The depicted data were recorded in the 2001 run and

are summed for all targets. Adapted from [53].
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Fig. 26 Momentum resolutions obtained in the simulation as a function of the momentum.

Black line denotes the result of the fitting using Eq. 8.

final analysis. Notably, the combinatorial background represents combinations of uncorre-

lated e+e� pairs emitted by di↵erent parent particles, including misidentified charged pions.

The shape of this combinatorial background was evaluated using an event mixing method.

Furthermore, the spectral shapes of hadronic sources were evaluated based on the simu-

lation described in Sec. 4.7. The kinematic distributions of parent hadrons were obtained

using the cascade code JAM [38]. The amplitude of each component was determined through

data fitting. Notably, the ratio of ! ! e+e� and ! ! e+e�⇡0 was fixed by the branching
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Fig. 24 Peak position and width as functions of the magnitude of the BDC misalignment

along the X-axis direction. Notably, the two BDCs were moved in opposite directions in the

simulation. The peak width changed, whereas the peak position remained almost constant.

Table 11 Simulated Mass Resolutions at ! peaks for Each �� Bin under no �� Cuts (all

��).

!

�� < 2.1 6.4± 0.1 MeV/c2

2.1 < �� < 2.7 8.0± 0.1 MeV/c2

2.7 < �� 9.9± 0.1 MeV/c2

all �� 8.2± 0.1 MeV/c2

asymmetric tail, as depicted in Fig. 25 (b). However, the simulated shape well reproduces

the data. When exclusively fitting around the peak using a Gaussian, the mass centroid

and Gaussian � of the data were obtained as 1115.62 ± 0.02 MeV/c2 and 1.78 ± 0.04

MeV/c2 respectively, while the corresponding simulation results were 1115.52 MeV/c2 and

1.63 MeV/c2, respectively. All targets were summed for the fitting and for the simulation.

The final momentum resolution in this simulation was evaluated based on the following

relation, and the obtained result is depicted in Fig. 26:

�p/p =
p

(1.39% · p [GeV/c])2 + (0.49%)2 (8)

4.8. Backgound evaluation

To extract the yields and mass shapes of vector mesons, we fitted the data against combinato-

rial backgrounds and known hadronic sources, including ⇢ ! e+e�, ! ! e+e�, ! ! e+e�⇡0,

⌘ ! e+e��, and � ! e+e�. The amplitudes of other hadronic sources, such as � ! e+e�⌘

and ⌘0 ! e+e��, were found to be zero during the fitting and were thus excluded from the
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simulation. The peak width changed, whereas the peak position remained almost constant.
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!
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2.7 < �� 9.9± 0.1 MeV/c2

all �� 8.2± 0.1 MeV/c2

asymmetric tail, as depicted in Fig. 25 (b). However, the simulated shape well reproduces

the data. When exclusively fitting around the peak using a Gaussian, the mass centroid

and Gaussian � of the data were obtained as 1115.62 ± 0.02 MeV/c2 and 1.78 ± 0.04

MeV/c2 respectively, while the corresponding simulation results were 1115.52 MeV/c2 and

1.63 MeV/c2, respectively. All targets were summed for the fitting and for the simulation.

The final momentum resolution in this simulation was evaluated based on the following

relation, and the obtained result is depicted in Fig. 26:

�p/p =
p

(1.39% · p [GeV/c])2 + (0.49%)2 (8)

4.8. Backgound evaluation

To extract the yields and mass shapes of vector mesons, we fitted the data against combinato-

rial backgrounds and known hadronic sources, including ⇢ ! e+e�, ! ! e+e�, ! ! e+e�⇡0,

⌘ ! e+e��, and � ! e+e�. The amplitudes of other hadronic sources, such as � ! e+e�⌘

and ⌘0 ! e+e��, were found to be zero during the fitting and were thus excluded from the
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Mass spectra, Fit results

• The fitting results reproduce the data well except for the excess region. 
• In this fit, the amplitude of ρ meson (Magenta) is consistent with 0. 
•χ2 values are summarized on the next page.
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Fit results
15

(a) Include, p < 0.01 (b) Exclude, p > 0.01

> 8σ for all regions
<latexit sha1_base64="RB5nKiroffU3mJJcEee8ffg6aFE="></latexit>

Nexcess

N! +Nexcess

Table 12 �2/ndf and its probability values from the fitting process, (a) including and (b)

excluding the excess region.

�2/ndf (a) Probability (a) �2/ndf (b) Probability (b)

�� < 2.1 334.3/221 1.3e-06 186.8/193 0.61

C 2.1 < �� < 2.7 322/206 4.1e-07 184.9/178 0.35

2.7 < �� 247.2/160 1.2e-05 132.9/132 0.46

�� < 2.1 892.9/628 1.5e-11 613.6/544 0.020

Cu 2.1 < �� < 2.7 707.7/537 9.6e-07 519.9/453 0.016

2.7 < �� 507.8/418 0.0017 333.7/334 0.49

Table 13 Yield of ! mesons, the number of excess instances, significance of excess, and

excess ratio.

N! Nexcess significance excess ratio

�� < 2.1 4278± 98 836± 98 8.5� 0.16± 0.019

C 2.1 < �� < 2.7 3394± 84 802± 82 9.8� 0.19± 0.019

2.7 < �� 3848± 106 771± 90 8.6� 0.17± 0.020

�� < 2.1 4271± 96 1310± 98 13.4� 0.23± 0.017

Cu 2.1 < �� < 2.7 3127± 82 890± 84 10.6� 0.22± 0.021

2.7 < �� 3348± 90 909± 97 9.4� 0.21± 0.022

Furthermore, the excess amount was evaluated by subtracting the fitted curve from the

data in the excluded region. The excess ratios, Nexcess/(N! +Nexcess), were also derived,

and the values are listed in Table 13. Moreover, the excess ratios as functions of the �� are

depicted in Fig. 34.

The �� distributions of ! mesons were evaluated based on the data employing a side-band

subtraction method. The signal (! meson) region, spanned from 0.65 to 0.86 GeV/c2 , the

left-side region spanned from 0.55 to 0.65 GeV/c2, and the fight-side region, spanned from

0.86 to 0.96 GeV/c2, as depicted in Fig. 32. Subsequently, the kinematic distributions of

! mesons were evaluated by subtracting the means of the left- and right-side distributions

from those of the signal region, and the obtained results are depicted in Fig. 33.

5.3. Systematic errors in the excess ratio

Next, systematic errors in the excess ratio were estimated as follows. Specifically, the fitting

was repeated, with variations in the following conditions:

A. The fitting region was modified from 0.55 - 2.0 GeV/c2 to 0.0 - 2.0 GeV/c2 (A1), and

then to 0.55 - 1.2 GeV/c2 (A2). Notably, A1 includes ⌘ ! e+e��.

B. The bin width of the mass spectra was modified from 10.0 MeV/c2 to 6.67 MeV/c2

(B1) or 15.0 MeV/c2 (B2).

C. The mass scale was changed from 1.000 to 0.998 (C1) or 1.002 (C2).

D. The mass resolution considered in the simulation was changed to its minimum and

maximum values within the uncertainty range. The nominal value of Gaussian width
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• I: Statistical error, [ ]: Systematic error 
• Conclusions 
- Significant excesses were observed for all targets and all βγ regions. 
- Clear βγ-dependence was not observed. 
• The excess ratios are affected by experimental effects. 
- To interpret the excesses, some model calculation is needed.
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Model calculation 
(Generation point and Decay point)

•σ∝ A2/3 

• The production position distribution is on the nucleus's surface on the proton's incident 
side. 
• Vector mesons were traced in 0.1 fm steps and decayed with a width and mass that 
depends on the density. 
•
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T. Tabaru et al., Phys. Rev. C 74, 025201 (2006).
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Mass shape formulae

• Non-relativistic Breit-Wigner 
(nBW) 
• constant width and mass-
dependent width relativistic 
Breit-Wigner 
• CLAS used nBW/m3 as an 
approximation of mass-
dependent Breit-Wigner. 
•We tested two extreme cases: 
nBW (case (i)) and nBW/m3 
(case (ii)).
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Case (i): nBW

•Model fitting was performed with grid points in 0.02 steps for k1 and 
1.0 for k2. 
• The contours correspond to ⊿χ2 = 1, 4, 9, … 
• The k1 and k2 parameters were common for C, Cu, ω, ρ. 
• In case (i), the minimum around k2 = 3 - 6.
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Case (i): nBW

• Fit results at k1 and k2 that minimize χ2. 
• The result of ρ/ω ~ 0 contradicts a previous 12 GeV p+p measurement. 
- σω/σρ = 1.0 +- 0.2 (V. Blobel et al., Phys. Lett. B48, 73 (1974))
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Case (ii): nBW/m3

• In case (ii), the optimized k2 values were consistent with 0 (no 
broadening). 
• The optimized k1 values were about 0.10 - 0.12 for all bg regions. 
•χ2 values were better than those of case (i).
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Case (ii): nBW/m3

• Since the high mass side of the distribution of ρ is suppressed, 
the excess can be explained by modified-ρ.
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Model fit, Results

• In the both cases, the k1 parameter had a finite value. 
•ρ/ω~0 (case (i)) contradicts a previous p+p result. 
• The asymmetric mass shape (case (ii)) reproduces data better 
than the symmetric one (case (i)).
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96 Chapter 4. Results and Discussion

not always a single point within the scan range of the parameters. Thus, we also
determined the areas that could be excluded at 99% conÞdence level based on!" 2

from the minimum points.
The results in the case (i) are shown in Fig. 4.20 Fig. 4.21. The model based on

the case (i) is the same model as assumed in the previous analysis [23], but the result
is di! erent. Thek1 and k2 parameters take on Þnite values, i.e., there is a Þnite mass
shift and a Þnite width broadening, but the generated number of# mesons to that
of $ mesons ratios are resulted in#/ $ ! 0 as shown in Fig. 4.21. Obtained results
contradicts known #/ $ ratio obtained in pp reactions [45] and the assumptions for
model calculations should be updated to reproduce the data in a reasonable way.

The loss of the widened# component in the Þt results of the case (i) is due to the
fact that the high mass tail of the# no longer Þts to the data. The case (ii) assumed
the mass shape of BW/m3, and the results are shown in Fig. 4.22 and Fig. 4.23. The
best values ofk1 in this case are 0.10Ð0.12 and k2 are consistent with zero for all%&
bins. The #/ $ ratios are Þnite non-zero values, and the values are almost consistent
with the previous experimental results (#/ $ = 1.0 ± 0.2), although it is dissociated
by 2' Ð3' at the maximum. The result is also consistent with the previous result [23].

For comparison with the CLAS results, we also examined the cases where the
deformation of the$ was assumed to be not visible in mass spectra, which are case
(iii) and case (iv) as described in Sec. 4.4.1.

The results are summarized in Table 4.8. The results support a Þnite mass
reduction in all model cases and%&regions, but the results di! er with respect to
width broadening and#/ $ ratio. Comparing the " 2 values, the case (ii) reproduces
the data best.

k1 k2 #/ $ (C) #/ $ (Cu) " 2
min /ndf

%&< 2.1 0.15+0 .02
! 0.02 3.3+1 .0

! 1.0 0.02± 0.01 < 0.14 129.3/ 76
case (i) 2.1 < %&< 2.7 0.16+0 .02

! 0.04 5.9+2 .6
! 3.1 < 0.18 < 0.01 115.4/ 76

2.7 < %& 0.12+0 .05
! 0.02 5.5+3 .5

! 3.6 0.25± 0.08 < 0.01 122.6/ 76
%&< 2.1 0.12+0 .03

! 0.03 < 0.7 0.34± 0.06 0.71± 0.08 103.7/ 76
case (ii) 2.1 < %&< 2.7 0.12+0 .04

! 0.06 < 1.7 0.63± 0.08 0.71± 0.09 92.9/ 76
2.7 < %& 0.10+0 .03

! 0.05 < 3.5 0.60± 0.08 0.59± 0.08 99.7/ 76
%&< 2.1 0.14+0 .04

! 0.02 < 0.2 0.63± 0.06 1.48± 0.09 223.2/ 76
case (iii) 2.1 < %&< 2.7 0.15+0 .03

! 0.05 < 0.4 0.78± 0.07 1.30± 0.10 168.7/ 76
2.7 < %& 0.15+0 .04

! 0.05 < 0.5 0.76± 0.07 1.06± 0.09 172.7/ 76
%&< 2.1 0.11+0 .05

! 0.05 < 0.4 0.68± 0.07 1.47± 0.09 107.3/ 76
case (iv) 2.1 < %&< 2.7 0.07+0 .08

! 0.03 < 0.6 0.84± 0.08 1.27± 0.11 105.4/ 76
2.7 < %& 0.09+0 .05

! 0.05 < 0.7 0.74± 0.08 1.01± 0.09 113.3/ 76

Table 4.8: Summary table of the model Þtting. The best Þt parametersk1, k2, #/ $
ratios, and Þt " 2 are shown. The indicated error values are statistic errors.
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• Conclusions 
- k1 > 0 in any region, and the 
values are consistent with 
Hatsuda-Lee’s value. 
- Momentum dependence is not 
significant. 
- The results can not be 
compared with S.H. Lee's 
calculation because the 
momentum region is p < 1 
GeV/c. 
! However, it is consistent 
with the results of 
longitudinal.
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Summary
• Re-analysis of the E325 data was performed. 
- Statistics improved by a factor of three from the previous 
analysis. 

• Significant excesses were observed for all targets and all βγ 
regions. 
• Some model calculations were performed to evaluate the mass 
modification of ρ and ω mesons. 
- k1 > 0 for all regions, and the values are consistent with 
Hatsuda-Lee’s value. 
- Asymmetric distribution reproduces the data better than when 
using symmetric distribution. 
- In case (ii), the result about k2 was consistent with no 
broadening.
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KEK-PS E325 experiment

• Tracking : Cylindrical Drift Chamber (CDC), Barrel DC (BDC) 
• EID : Front Gas Cherenkov (FGC), Rear GC (RGC), Forward Lead 
Glass calorimeter (FLG), Real LG (RLG), Side LG (SLG) 
• Start Timing Counter (STC)
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Target
• Several thin targets are placed along 
the beam axis. 
• The year 2001: one C + two Cu 
• The year 2002: one C + four Cu 
(Left picture) 

• Take the data simultaneously and 
reconstruct the reaction points by 
offline analysis.
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2.3. Targets and beam proÞle 21

one carbon target and four copper targets in the year 2002. All the targets were
arranged along the beamline. A schematic view of the targets is shown in Fig. 2.5.
Each target was supported by two 1 mm-thick polyethylene stays. The targets
located inside the gas volume of the VTC and at the center of the spectrometer
magnet as shown in Fig. 2.4.

Figure 2.4: Photograph of the VTC and the targets in the year 2000.

The details of the conÞguration are summarized in Table 2.3. The width of each
target was determined in order not to limit the acceptance of any other targets.

material mass x position width height thickness interaction radiation

number [mm] [mm] [mm] [mg/cm2] length [%] length [%]

2001
carbon 12.011 0 25 25 92 0.11 0.21
copper 63.546 ± 48 25 25 2! 73 2! 0.054 2! 0.57

2002
carbon 12.011 0 10 25 184 0.21 0.43
copper 63.546 " 43, " 23, +24, +48 10 25 4! 73 4! 0.054 4! 0.57

Table 2.3: ConÞguration of the targets used in the year 2001 and 2002.

To reduce the interaction between the beam protons and the air, the vacuum
beam pipe was terminated with a 200µm-thick Mylar in front of VTC. On the
downstream side of the VTC, a helium-Þlled beam pipe (He Bag), whose gas-ßow
rate was 1000 cc per minute, was placed. In order to measure the beam intensity,



Target selection

• The vertex position was determined as the nearest point from all 
tracks of the same event. 
• Cut within ±3σ of peak position (each axis)
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• For each dataset, each 
target position. 
• Target position 
dependence was 
reduced by the 
fiducial cut. 
• Clear ω and φ peaks 
can be observed.
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Excess ratio, Systematic error

• Fit条件を変えながらexcess ratio
を求め、系統誤差を評価 

• A : Fit範囲を変える 
• B : Massのbin幅を変える 
• C : Mass scaleを変える 
• D : Mass smearを変える 
• E : Event mixing法を変える 

•各カテゴリーで一番大きいものを
2乗和する

31
4.4. Discussion and model calculations 91

Carbon
Condition !" < 2.1 2.1 < !" < 2.7 2.7 < !"

A1 1.1 % 6.9 % 7.9 %
A2 7.2 % 9.3 % 12.8 %
B1 13.8 % 10.3 % 16.0 %
B2 3.2 % 1.4 % 10.5 %
C1 7.1 % 7.3 % 12.2 %
C2 9.3 % 8.5 % 13.3 %
D1 3.4 % 0.5 % 0.8 %
D2 5.0 % 6.2 % 3.7 %
E1 2.6 % 1.7 % 2.6 %
E2 7.9 % 5.9 % 5.0 %
E3 1.5 % 0.6 % 2.5 %

Total 20.4 % 18.4 % 25.2 %

Copper
Condition !" < 2.1 2.1 < !" < 2.7 2.7 < !"

A1 2.1 % 9.0 % 10.3 %
A2 4.7 % 7.4 % 8.8 %
B1 7.0 % 9.0 % 13.1 %
B2 2.0 % 5.4 % 4.1 %
C1 4.3 % 6.3 % 7.1 %
C2 5.2 % 5.9 % 7.0 %
D1 2.1 % 0.2 % 1.2 %
D2 3.0 % 4.0 % 3.5 %
E1 2.0 % 1.8 % 1.1 %
E2 5.9 % 6.0 % 2.8 %
E3 2.4 % 0.1 % 2.0 %

Total 11.9 % 16.0 % 18.7 %

Table 4.7: Relative errors of the excess ratios with di! erent Þt conditions. The
maximum errors in each category (e.g. compare A1 and A2) were taken and the
squares of them were summed up to get the systematic errors (Total).
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Compared to known mass spectra and experimental e! ects, our spectra exhibited a sig-
niÞcant excess in the mass range from 0.65 to 0.86 GeV/c2 across all!" kinematic regions.
Subsequently, model calculations evaluated the mass modiÞcations of# and $ mesons. In
this case, mass spectra modiÞcations were parameterized using two parameters: a shift in the
pole mass (k1) and a broadening of the width (k2). Accordingly, for !" < 2.1, 2.1 < !" < 2.7,
and 2.7 < !" , the obtained values of the k1 parameter were 0.12+0 .03

! 0.03(stat .)+0 .01
! 0.03(sys.),

0.12+0 .04
! 0.06(stat .)+0 .01

! 0.09(sys.), and 0.10+0 .03
! 0.05(stat .)+0 .02

! 0.02(sys.), respectively. The obtained values
of the k2 parameter exhibited no signiÞcant broadening. These obtained values are consistent
with previous Þndings.

Acknowledgment

We would like to sincerely thank all the sta! members of KEK, including the PS accel-
erator division, online group, electronics group and computing research center, PS ßoor
group and particularly the PS beam channel group for their helpful support. We would
express our gratitude to the sta! members of RIKEN-CCJ, RIKEN RSCC and RIKEN
Hokusai, for their support on the data analysis. This study was partly supported by JSPS
Research Fellowship for Young Scientists, RIKEN Special Postdoctoral Researchers Pro-
gram, and MEXT/JSPS KAKENHI Grant Numbers JP06640391, JP07640396, JP08404013,
JP12440064 and JP15340089.

A. Mass shape formulae

Non-relativistic BreitÐWigner formula (nBW) is already shown as the formula (14),
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and constant-width relativistic Breit-Wigner (cRBW) shape [60] is
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where m denotes the invariant mass,m0 represents the pole mass," tot indicates the total
decay width of the meson, and" ee represents the partial decay width of the dielectron
channel. As depicted in Fig. A1, even for relatively wide resonances such as those of#
mesons, the di! erences between the two distributions, cRBW and nBW, is negligible.

Figure A1 also depicts other mass shapes.
To include the mass-dependent widths, cRBW is modiÞed as
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m3 " ee, according
to a reference[61]. Then the shape is written as
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which is plotted as mdRBW2 in Fig.A1, which has asymmetric shape as nBW/m3, but lower
than that in the low mass region.
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case (iii): nBW + unmodified omega

• Fixed the mass shape of ω meson vacuum one. 
• Only the modification of ρ meson was allowed.
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Case (iii) : nBW + unmodified omega
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Case (iv) : nBW/m^3 + unmodified omega
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Case (iv) : nBW/m^3 + unmodified omega
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Model fit, Results

• Representative values of k1 and k2 are obtained by fitting a parabolic surface 
around the grid point to minimize. 
• Statistical errors and upper bounds for k1 and k2 were obtained from ⊿χ2 = 16.81 
•ρ/ω~0 case (i) contradicts the p+p result. 
• case (ii) is the best. The difference from case (iv) is less than 16.81.
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not always a single point within the scan range of the parameters. Thus, we also
determined the areas that could be excluded at 99% conÞdence level based on!" 2

from the minimum points.
The results in the case (i) are shown in Fig. 4.20 Fig. 4.21. The model based on

the case (i) is the same model as assumed in the previous analysis [23], but the result
is di! erent. Thek1 and k2 parameters take on Þnite values, i.e., there is a Þnite mass
shift and a Þnite width broadening, but the generated number of# mesons to that
of $ mesons ratios are resulted in#/ $ ! 0 as shown in Fig. 4.21. Obtained results
contradicts known #/ $ ratio obtained in pp reactions [45] and the assumptions for
model calculations should be updated to reproduce the data in a reasonable way.

The loss of the widened# component in the Þt results of the case (i) is due to the
fact that the high mass tail of the# no longer Þts to the data. The case (ii) assumed
the mass shape of BW/m3, and the results are shown in Fig. 4.22 and Fig. 4.23. The
best values ofk1 in this case are 0.10Ð0.12 and k2 are consistent with zero for all%&
bins. The #/ $ ratios are Þnite non-zero values, and the values are almost consistent
with the previous experimental results (#/ $ = 1.0 ± 0.2), although it is dissociated
by 2' Ð3' at the maximum. The result is also consistent with the previous result [23].

For comparison with the CLAS results, we also examined the cases where the
deformation of the$ was assumed to be not visible in mass spectra, which are case
(iii) and case (iv) as described in Sec. 4.4.1.

The results are summarized in Table 4.8. The results support a Þnite mass
reduction in all model cases and%&regions, but the results di! er with respect to
width broadening and#/ $ ratio. Comparing the " 2 values, the case (ii) reproduces
the data best.

k1 k2 #/ $ (C) #/ $ (Cu) " 2
min /ndf

%&< 2.1 0.15+0 .02
! 0.02 3.3+1 .0

! 1.0 0.02± 0.01 < 0.14 129.3/ 76
case (i) 2.1 < %&< 2.7 0.16+0 .02

! 0.04 5.9+2 .6
! 3.1 < 0.18 < 0.01 115.4/ 76

2.7 < %& 0.12+0 .05
! 0.02 5.5+3 .5

! 3.6 0.25± 0.08 < 0.01 122.6/ 76
%&< 2.1 0.12+0 .03

! 0.03 < 0.7 0.34± 0.06 0.71± 0.08 103.7/ 76
case (ii) 2.1 < %&< 2.7 0.12+0 .04

! 0.06 < 1.7 0.63± 0.08 0.71± 0.09 92.9/ 76
2.7 < %& 0.10+0 .03

! 0.05 < 3.5 0.60± 0.08 0.59± 0.08 99.7/ 76
%&< 2.1 0.14+0 .04

! 0.02 < 0.2 0.63± 0.06 1.48± 0.09 223.2/ 76
case (iii) 2.1 < %&< 2.7 0.15+0 .03

! 0.05 < 0.4 0.78± 0.07 1.30± 0.10 168.7/ 76
2.7 < %& 0.15+0 .04

! 0.05 < 0.5 0.76± 0.07 1.06± 0.09 172.7/ 76
%&< 2.1 0.11+0 .05

! 0.05 < 0.4 0.68± 0.07 1.47± 0.09 107.3/ 76
case (iv) 2.1 < %&< 2.7 0.07+0 .08

! 0.03 < 0.6 0.84± 0.08 1.27± 0.11 105.4/ 76
2.7 < %& 0.09+0 .05

! 0.05 < 0.7 0.74± 0.08 1.01± 0.09 113.3/ 76

Table 4.8: Summary table of the model Þtting. The best Þt parametersk1, k2, #/ $
ratios, and Þt " 2 are shown. The indicated error values are statistic errors.
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Excluding the excess region
38

]2Mass [GeV/c
0 0.5 1 1.5 2

]2
C

ou
nt

s 
[/1

0 
M

eV
/c

0

200

400

600

800

1000

1200

 < 2.10!"C, 

Fit result
Background

-e+ e# $
-e+ e# %

-e+ e# &
!-e+ e# '

0(-e+ e# %

 < 2.10!"C, 

]2Mass [GeV/c
0 0.5 1 1.5 2

]2
C

ou
nt

s 
[/1

0 
M

eV
/c

0

100

200

300

400

500

600

700

800

900

 < 2.70!"C, 2.10 <  < 2.70!"C, 2.10 < 

]2Mass [GeV/c
0 0.5 1 1.5 2

]2
C

ou
nt

s 
[/1

0 
M

eV
/c

0

100

200

300

400

500

600

700

800

900

!"C, 2.70 < !"C, 2.70 < 

]2Mass [GeV/c
0 0.5 1 1.5 2

]2
C

ou
nt

s 
[/1

0 
M

eV
/c

0

200

400

600

800

1000

1200

 < 2.10!"Cu,  < 2.10!"Cu, 

]2Mass [GeV/c
0 0.5 1 1.5 2

]2
C

ou
nt

s 
[/1

0 
M

eV
/c

0

100

200

300

400

500

600

700

800

900

 < 2.70!"Cu, 2.10 <  < 2.70!"Cu, 2.10 < 

]2Mass [GeV/c
0 0.5 1 1.5 2

]2
C

ou
nt

s 
[/1

0 
M

eV
/c

0

100

200

300

400

500

600

700

800

900
!"Cu, 2.70 < !"Cu, 2.70 < 

Pre
lim
inar
y

Pre
lim
inar
y

Pre
lim
inar
y

Pre
lim
inar
y

Pre
lim
inar
y

Pre
lim
inar
y



]2Mass [GeV/c
0 0.5 1 1.5 2

]2
C

ou
nt

s [
/1

0 
M

eV
/c

0

200

400

600

800

1000

1200

 < 2.10γβC, 

Fit result
Background

-e+ e→ φ
-e+ e→ ω

-e+ e→ ρ
γ-e+ e→ η

0π-e+ e→ ω

 < 2.10γβC, 

]2Mass [GeV/c
0 0.5 1 1.5 2

]2
C

ou
nt

s [
/1

0 
M

eV
/c

0
100
200
300
400
500
600
700
800
900

 < 2.70γβC, 2.10 <  < 2.70γβC, 2.10 < 

]2Mass [GeV/c
0 0.5 1 1.5 2

]2
C

ou
nt

s [
/1

0 
M

eV
/c

0
100
200
300
400
500
600
700
800
900

γβC, 2.70 < γβC, 2.70 < 

]2Mass [GeV/c
0 0.5 1 1.5 2

]2
C

ou
nt

s [
/1

0 
M

eV
/c

0

200

400

600

800

1000

1200

 < 2.10γβCu,  < 2.10γβCu, 

]2Mass [GeV/c
0 0.5 1 1.5 2

]2
C

ou
nt

s [
/1

0 
M

eV
/c

0
100
200
300
400
500
600
700
800
900

 < 2.70γβCu, 2.10 <  < 2.70γβCu, 2.10 < 

]2Mass [GeV/c
0 0.5 1 1.5 2

]2
C

ou
nt

s [
/1

0 
M

eV
/c

0
100
200

300
400
500
600

700
800
900

γβCu, 2.70 < γβCu, 2.70 < 

Excluding the excess region, including η
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Including the excess region
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Including the excess region, including η
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Excluding the excess region
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Excluding the excess region, including η
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Including the excess region
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Including the excess region, including η
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rho0 -> ee, after Vertex momentum cut

• Aligned for all the axis (bg, pt, 
and rapidity)
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rho-omega interference
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Fig. 1 Fit result of carbon target data. The red lines show the best Þt results, which

are the summation of the backgrounds (green) and the knwon sources, such as! ! e+ e!

(magenta), " ! e+ e! (orange), " ! e+ e! #0 (light green), $ ! e+ e! %(not visible), and

& ! e+ e! (blue).

3 Model calculations
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• F. M. Renard. rho-omega 
mixing. In G. Hoehler, editor, 
Springer Tracts in Modern 
Physics, volume 63, page 98. 
Springer-Verlag GmbH, 1972.  
•θ= 2 radian is favored by 
some theory.（Private 
communication w/ R. 
Veenhof） 
• No need to consider θ>π 
region（Obviously high-mass 
tail will not fit the data）



ρ-ω interference 
chi2 vs (theta, r/w)

• The parameters were not common for C, Cu, and for each bg region. 
• The best chi2 values were very large.
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• In the model calculation, the model parameters were fixed as k1 
= 0.12, k2 = 0.0, rho/omega ratio = 1.0 
• nBW/m^3 was used for the mass function.
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