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1

Introduction

The origin of the mass of hadrons has been drawing strong interest in nuclear
and particle physicists. In QCD, mass of hadrons is composed of a sum of
the eﬀective mass of valence quarks, known as constituent quark mass, and
their interaction term. The eﬀective mass of valence quarks is determined
by chiral property of QCD vacuum. This mechanism is understood as a
consequence of the dynamical breaking of chiral symmetry. In hot and/or
dense matter, this broken symmetry will be restored either partially or completely and, hence, properties of hadrons, such as mass, decay modes and life
time, can be modiﬁed. Therefore we can study the chiral property of QCD
vacuum by measurements of the in-medium decay of vector mesons. Especially, detailed measurements of mass spectra in QCD medium are essential,
since mass spectra of vector mesons can be directly connected to anti-quark
quark condensates, which is an order parameter of chiral symmetry, in QCD
medium [1]. In this proposed experiment, we focus on vector meson mass
spectra in nucleus, since relatively large mass modiﬁcation is theoretically
expected even at nuclear density [2].
Two experimental approaches have been to study hadron properties in
nucleus. One approach is a missing mass spectroscopy and another approach
is a direct measurement of mass spectra via meson decays. At the moment,
two kinds of approaches are realized in independent experiments and no
experiment has performed simultaneous measurements.
One remarkable result is achieved by GSI-S236 group [3] using a missing
mass spectroscopy. They observe deeply bound 1s states of π − in 115,119,123 Sn
using the Sn(d,3 He) pion-transfer reaction. It’s result indicates a reduction of
the chiral order parameter, fπ∗ (ρ)2 /fπ2 ≈ 0.64, at the normal nuclear density,
ρ = ρ0 .
Important results are also obtained in direct measurements of mass distribution in nucleus. The KEK-PS E325 experiment [4] measured the e+ e−
decays of light vector mesons (ρ/ω/ϕ) made by the 12–GeV proton induced
reaction in the target nucleus. Their results show 9% decreasing of ρ meson
mass. It can be expected that ω meson has the same mass decreasing as ρ,
since both mesons have the same quark contents. In fact, results from the
KEK experiment show the same mass decreasing for ω meson. However, ω
peak is sitting on ρ’s broad peak and the measurement has small sensitivities
for ω meson mass modiﬁcation. Modiﬁcation of ρ meson is also detected
by TAGX-INS (KEK-TANASHI) group in π + π − channel in γ + 3 He/12 C
reaction [5]. The mass spectral modiﬁcation of ω meson was measured by
the CBELSA/TAPS experiment in π 0 γ decay channel in γA reactions [6].
Since ρ mesons have a very small branching ratio (6.0× 10−4 ) to π 0 γ decays,
3

contribution of ρ meson is negligible in this measurement. Their results are
shown in 1 and they obtain 14% decreasing of ω mass. However, it is diﬃcult
to extract mass spectra in nucleus and some model calculations are needed
to evaluate 14% mass decreasing, since the ω meson has a momentum distribution and the statistics is limited. Recently, CLAS at J-Lab reported mass

Figure 1: Measured mass spectra of ω meson after background subtraction
[6]. Solid line represents Nb target and dotted line represents Liquid hydrogen
target.
broadening of ρ meson in γA reactions, though they did not observe mass
decreasing [7]. It seems the CLAS result is contradicted with KEK-PS E325
results. However, it should be noted that the reactions used in production
of mesons are diﬀerent and initial conditions of produced mesons should be
diﬀerent. Mass spectrum of vector meson should be diﬀerent in such diﬀerent
initial condition.
It can be said that the existence of the hadron modiﬁcation in medium
has been established in these experiments. However, the origin of the modiﬁcation is not clariﬁed yet. The relation between hadron mass modiﬁcation
and the chiral symmetry restoration is not established experimentally. There
are two main issues on the current experiments. One problem is that we don’t
have enough statistics and mass spectra only in limited kinematical region
are measured. Another problem is that we don’t know the detailed medium
4

properties and initial conditions of generated meson.
Here we propose measurements of direct ω mass modiﬁcation in a clear
initial condition. Decays of ω meson in nucleus are measured with ω → π 0 γ
mode and initial conditions in produced ω meson are also measured in A(π − ,
n)ω reaction. Such exclusive measurement can supply essential information
to establish partial restoration of the chiral symmetry in nucleus. Figure 2
shows a schematic view of combined measurements.

Figure 2: Schematic view of combined measurements
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2

Physics Goal

Mass of ω meson at ﬁnite density, such as nucleus, has been studied in many
theoretical methods. Hatsuda and Lee studied using a QCD sum rule and
partial chiral symmetry restoration. They predicted 10∼20% decreasing for
ρ/ω mass at normal nuclear density [1]. Klingl et al. calculated the downward mass-shift and even mass broadening of ρ/ω/ϕ in dense matter[8]. Some
models considered couplings to baryon resonances and predicted broadening
and slight increasing of ω mass[9, 10]. In addition, ω meson properties have
been calculated within varied models ranging from quark models, to phenomenological evaluations, or using eﬀective Lagrangians [11].
One of the current main questions is how we can establish the connection
between experimental information and chiral symmetry restoration. In terms
of the QCD sum rule, average of the measured spectra of vector meson can
be directly interpreted to the square of q-bar q contents of a medium [1].
To obtain measured spectrum in large kinematical space, we will perform
another experiment (E16). In addition, we need to know the medium condition which surrounds the generated meson. For this purpose, an exclusive
measurement needs to be performed.
In the proposed experiment, measurements of direct ω mass modiﬁcation
in a clear initial condition. Decays of ω meson in nucleus are measured
with ω → π 0 γ mode and initial conditions in produced ω meson are also
measured in A(π − , n)ω reaction. Using missing mass information in forward
neutron measurements, the generation process of ω meson can be identiﬁed.
For example, a quasi-free process can be separated and if bounded region is
selected in missing mass spectroscopy, we can guarantee that the ω meson
really exist in nucleus potential and the measured ω meson mass spectra
via the meson decays are for nucleus. In addition, if ω meson is bounded
in nucleus and it is observed using the forward neutron measurement, the
condition of ω meson in nucleus is established very clearly.
The experiment also aim the direct comparison between experimental
results and theoretical prediction in meson mass spectrum in nucleus. Theoretical calculations of meson mass distribution assume that mesons exist at
rest in nuclear matter. Thus, previous experiments, such as TAPS and KEKE325, need some interpretation between experimental results and theoretical
predictions to take into account kinematics of generated mesons. In the proposed experiment, measurements of a nuclear ω bound state give kinematical
conditions of generated meson. Even if the ω bound state doesn’t exist, ω
meson is generated in recoil less kinematics and the momentum of generated
ω meson is limited within the Fermi motion.
Another issue is a large background in measurements. Evaluation of com6

binatorial background is a major issue in the direct mass measurements via
decays. M. Kaskulov et al. claims that TPAS results are not robust under
shape diﬀerence of combinatorial background [14]. Also, huge backgrounds
make observation of a broad bound state peak diﬃcult. In the proposed experiment, combined measurements can achieve small background measurement.
In addition, nuclear ω bound states can be measured in A(π − , n)ω reaction, if the bound state exists. This is the ﬁrst measurement to see ω
bound state in nucleus. Calculations about possible ω bound states have
been developed by several groups. W. Weise and his group predict 30 MeV
binding energy [12]. H. Nagahiro et al. predict 50 MeV binding energy using
an optical potential method [13, 14]. Figure 3 shows a prediction of ω bound
sate from [13].

Figure 3: Calculated spectra of 12 C(π + ,p)11 C⊗ω reaction as functions of the
excited energy Eex . E0 is the ω production threshold. The neutron-hole
states are indicated as (nℓj )−1
n and the ω states as ℓω [13].
When a binding energy of a ω bound state in nucleus is measured, it
can be interpreted to optical potential and gives a phenomenological information about interactions between mesons and nuclei. If mass distribution
of bounded ω meson is measured directly via decays, the relation between
mass distribution and nuclear-meson interaction is established experimentally. Then, the amount of ω mass shift in direct mass spectrum and ω binding energy can be compared and such comparison gives information about
eﬀects beyond the meson nuclei interaction, such as chiral symmetry restoration.
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3

Experimental Apparatus

We measured A(π − , n)ω reaction with forward neutron measurements and
decays of generated ω meson with ω → π 0 γ mode and π 0 meson is detected
with two γ decays. In the measurements, two detectors are needed. One
is neutron detector at the forward region and another is γ detectors for
detecting 3 γ’s at target region. Thickness of 6 cm of Carbon-12 is chosen as
a target to maximize ω yield.

3.1

Missing mass measurement

We measure incident π meson and forward neutron in A(π − , n)x reaction
and calculate missing mass to identify ω meson production. The forward
neutron momentum is measured using newly constructed neutron detector
and time of ﬂight method.
3.1.1

Beam energy and beam line

|q|[GeV/c]

Figure 4 shows ω momentum as a function of π − momentum in p(π − , n)ω
reaction. In this calculation, we assume 9% decreasing of ω meson mass
in nucleus, which is measured at KEK. The beam momentum of 1.8 GeV
is chosen to have recoil less production of ω meson in nucleus. To obtain
the required beam momentum, K1.8 beam line need to be used. The beam
intensity of 107 of π − per spill is also required to collect reasonable amount
of yield, as described later. Also, emitted neutron should be detected at
0.4
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Figure 4: ω momentum as a function of π − in p(π − , n)ω reaction.
0 degree to minimize momentum transfer of ω meson. Produced charged
8

particles and π − beam are swept by a magnet. The SKS magnet can be used
for such sweeping.
Momentum of incident π − beam is measured by tracking devices at the
beam line. The resolution of missing mass measurements is mainly determined by the resolution of forward neutron momentum measurements and
the required resolution for π − momentum is about 1%. As the tracking device, Gas Electron Multiplier (GEM) counters is used, if the beam intensity
is too high to operate MWPC.
3.1.2

Neutron counter

Figure 5 shows a schematic view of neutron counter which measure time of
ﬂight to identify neutrons and measure neutron momentum. Start timing of
the time of ﬂight is measured using incident π − beam and segmented start
counters are used to cope with the high beam intensity.

Figure 5: Schematic view of neutron counter
Figure 6 shows a schematic view of the cross section of the neutron
counter. The neutron counter consists of two components, such as 1 cm
thickness of lead plate as a converter and 5cm thickness of scintillator as a
9

detector. The counter has 4 layers of the lead plate and scintillator to increase neutron eﬃciency. The scintillator has 5cm width and 6 scintillators
are placed in one layer. The total area of the counter is 30cm by 30 cm and
the acceptance (δθ) is 1◦ . According to a theoretical calculation [13] and an
experimental result[15], bound state can be generated only for forward neutron and we choose relatively small forward acceptance. In addition, the size
of the scintillation counter is limited by the requirement of timing resolution.

Figure 6: Schematic view of cross section of the neutron counter

3.1.3

Expected missing mass resolution

To achieve enough mass resolution, time resolution should be less than 80 ps.
At K1.8 beam line, the maximum ﬂight path is 7m and the mass resolution
of 22 MeV/c2 is achieved.
We perform a simple beam test using electron beam at Fuji test experiment beam line at KEK to choose the best scintillator. We measure time of
ﬂight with several combinations of two scintillators with 0 length. Figure 7
shows typical time of ﬂight spectrum at beam test. Results of combination
can be broke down to timing resolution of each scintillator. Table 1 shows
the timing resolution of each scintillator. Although some scintillators show
too good timing resolution and it suggests there is a systematic error, BC404,
BC408, and BC420 show enough timing resolution. In fact, in combination
of BC420 and BC408, we achieve 55 ps of timing resolution for time of ﬂight
measurement.
When 20m ﬂight path is achieved in future experiment at high-momentum
beam line, the mass resolution of 9 MeV/c2 can be achieved and nucleus ω
10
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Figure 7: Typical time of ﬂight spectrum at beam test
Table 1: Timing resolution for several scintillators obtained by a beam test
Scintillator type BC404 BC408 BC412 BC416 BC420
Sigma[ps]
22.4
33.0
59.8
70.3
34.1

bound states can be identiﬁed easily.
3.1.4

Neutron Eﬃciency

To evaluate neutron detection eﬃciency, we perform a Monte Carlo simulation using the FLUKA package [16]. Figure ?? shows the energy distribution
of produced particles from lead by neutron. The produced particles emitted
from lead to scintillator have enough energy and can be detected with the
scintillator.
Particle emission probabilities are summarized in Table 2. When all protons are detected with the scintillator, neutron eﬃciency of 19% is achieved
using 4 layers. It is consistent with a naive calculation using nuclear collision length (114.1 [g/cm2 ] for lead). In addition, scintillator itself has 2%
eﬃciency with one layer and total 8% eﬃciency can be expected.
Also, many low energy neutron are produced with hadron interactions and
there is a possibility to increase detection eﬃciency using such neutrons. The
response of scintillators for low energy neutrons are checked using neutron

11

dn/dE/Interaction

0.02
0.018

Proton

0.016

Pion

0.014

Photon

0.012
0.01
0.008
0.006
0.004
0.002
0
0

0.2

0.4

0.6

0.8

1

1.2
1.4
Energy[Gev]

Figure 8: Energy distribution of produced particles from lead by neutron
Table 2: Particle emission probabilities
Protons per one neutron 5.1 %
Pions per one neutron
0.91 %
Photons per one neutron 2.0 %

source (Cf-252). Results are shown in Fig. 9.
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Figure 9: Time of ﬂight measurement for neutron using Cf-252. Dotted and
solid lines represent with and without neutron absorber.

3.2

Invariant mass measurement

In this experiment, decays of ω meson are measured using ω → π 0 γ mode
and π 0 meson is detected with two γ decays. Thus, total three γ’s need to
be detected. The ω meson is generated almost at rest and decayed γ and π 0
goes to back to back. Thus, large acceptance is needed fo the γ detection.
3.2.1

Gamma-ray detector

Figure 10 shows a schematic view of the gamma counter which consists of
CsI crystal and is used at KEK E246 experiment. The read out of the detector will be upgraded for a new T-violation experiment(E06) at J-PARC. The
detector has 12 acceptance holes for requirements of the T-violation experiment. However, it’s coverage is still 75 %. These holes cause both decreasing
of acceptance and resolution of γ energy measurements. However, it’s still
enough for the proposed experiment, as described below. The details of the
detector are shown in Table 3 and also in [17] and J-PARC E06 proposal.
Acceptance of the detector for ω → π 0 γ decays is 58%. Decayed π 0 and γ
has back to back conﬁguration, since ω meson is generated almost at rest,
and we still have a large acceptance for ω decays. Note: Fermi motion is
took into account in this calculation.
The performance of gamma detector as a π 0 detector is evaluated at
KEK-PS and summarized in Table 4 [17].
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Figure 10: Schematic view of gamma detector [17]
3.2.2

Expected mass resolution

Figure 11 shows invariant mass of ω meson smeared by energy resolution of
gamma detector. Eﬀects of the target thickness and the position resolution
of gamma ray detection are also considered. Left and right ﬁgures are for
√ different energy resolutions. Two cases are considered: 1) δE/E = 1.62%/ E+
0.8%, σE /E = 4.3% at 100 MeV and 2.8% at 200 MeV, as shown in Table 4,
are assumed
and calculated energy dependence of the resolution, 2) δE/E =
√
3%/ E, conservative estimation for the energy resolution. For both cases,
two mass peaks can be separated. In the proposed experiment, ω meson generated at rest and ω mesons decayed in free space (right peak) are strongly
suppressed and ω meson mass spectra in nucleus can be measured.
3.2.3

Final state interaction

Another issue is the ﬁnal state interaction of π 0 . It is evaluated for TAPS
experiment using a transport model [22]. Figure 12 shows the calculation
in [22]. According to this calculation, when π 0 is scattered in nucleus, mass
distribution of ω have very large shift in lower side and the eﬀect is negligible
in interested mass region, i.e. just below ω mass. However, for 40% of ω
mesons, the ﬁnal state π 0 does rescatter in nucleus.
14

Table 3: Speciﬁcation of CsI carolimeter [17]
Crystal
CsI(Tl)
Segmentation
∆θ = ∆ϕ = 7.5◦
Number of crystals 768
Length of a crystal 25cm(13.5X0 )
Readout
one PIN diode per crystal
Total crystal weight 1700kg
Inner diameter
40cm
Outer diameter
100cm
Detecter length
141cm
Solid angle coverage 75%of 4π

Table 4: Parameters of the CsI π 0 detector [17]
Average light yield
11000 p.e./MeV
Equivalent noise level
75 keV per module
Correlated noise level
11 keV per module
Energy resolution σE /E 4.3% at 100 MeV
2.8% at 200 MeV
Spatial resolution (rms) 7.6 mm at 200 MeV
Angular resolution (rms) 2.2-2.4◦

3.3

Trigger

Trigger is a coincidence of more than 2 γ’s in the calorimeter and one neutron
detected at the forward counter. Although the ω decay contain 3 γ’s, it is
diﬃcult to separate 2 γ’s from π 0 decays at the trigger level. Then, main
background at the trigger is p(π − , n)π 0 reaction. Figure 13 shows measured
total cross section for the reactions π − p → X. The cross section of the π 0
production at the backward direction is also measured as 0.1 mb/sr (CM
frame) [19]. In addition, p(π − , n)2π 0 also exists and the cross section of the
reaction is estimated as 0.06 mb/sr (CM frame), using the total cross section
and the angular distribution measured at slightly lower beam momentum
[20]. The trigger rate is evaluated using above numbers and it becomes 20
events per spill.
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Figure 11: Invariant mass of ω meson smeared by energy resolution of gamma
detector. Two lines represent ω mass shift =0(dotted line), 9%(solid line).
Mass decreasing of 9% is measured at KEK-E325. Left and
√ Right ﬁgures
are for
diﬀerent
energy
resolutions,
such
as
δE/E
=
1.62%/
E+ 0.8% and
√
3%/ E.

3.4

Yield and Beam time

Obtained ω yield is estimated with measured cross section in p(π − , n)ω
reaction [21]. Figure 14 shows a summary plot of cross sections of backward
ω
√ production as a function of cosθω [18]. The proposed experiment is at
s = 2.0 GeV and cosθω = -1.0. The production cross section of 0.04 mb/sr
(CM frame), which corresponds to 0.17 mb/sr at Lab frame, is used for the
estimation. The estimated yield is 470 events per shift and beam time of 100
shifts are required to collect reasonable amount of events. Numbers used in
the calculation are summarized in Tab. 5
Table 5: Numbers for
Beam Intensity
ω production cross section in π − p
Target
Target thickness
Acceptance of Forward Neutron
Eﬃciency of Forward Neutron
Branching ratio of ω → π 0 γ
Acceptance of decayed gamma
Radiation loss in Target
Without ﬁnal state interaction
Spill Duration

16

yield calculation
107 per spill
0.17 mb/sr in Lab frame
Carbon (6 protons, A=12.01 )
6 cm (13.59[g/cm2 ])
9.57 × 10−4 sr
27%
8.9%
58%
11%
60%
3s

Figure 12: The π 0 γ mass distribution obtained from a Monte Carlo simulation of the process γ + Nb → π 0 γ + X at Eγ = 1.2 GeV. The spectrum
is decomposed into diﬀerent contributions corresponding to the fraction of
ω-mesons decaying outside the nucleus (a), the fraction of ω-mesons decaying
inside for which the π 0 does not rescatter (b), andthe fraction of ω-mesons
decaying inside the nucleus for which π 0 rescatters (c).

3.5

Background

The main background in the ﬁnal plot comes from p(π − , n)2π 0 reactions.
The background in 3 γ’s measurements is 2 π 0 decays and 1 γ missing in
the reaction. It’s probability is about 25%. When we require that forward
neutron has the momentum of 1.74 to 1.86, which corresponds to neutron
momentum range of modiﬁed ω meson production, the background in ω mass
region is suppressed to 0.78 % of the originally produced 2π 0 and expected
signal to noise ratio is 30 after subtracting a combinatorial background. The
combinatorial background is caused by non-correlated pairs and it can be
subtracted using a mixed event method.
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Figure 13: Total cross sections for the reactions π − p → X with X as given
in the ﬁgure [18].

3.6
3.6.1

Calibration
Time-Of-Flight neutron counter

We will use gamma ray for timing calibration of each modules. In addition,
we can use forward neutron in A(π − , n)π 0 reaction.
3.6.2

Electro-Magnetic Calorimeter

We can use decayed gamma rays in A(π − , n)π 0 reaction. When we reconstruct π 0 , energy calibration of each module can be done. Details of
calibration of calorimeter are also discussed in E06 proposal.

18

Figure 14: summary plot of diﬀerential cross sections of ω production as
a function of cosθω [18]. Points represent measurements. Lines represent
theoretical calculations, which are not used in this proposal.

4

Cost estimation

A brief cost estimation is shown in Table 6.
Table 6: cost estimation
Detector
Beam Line
Neutron
Counter
CsI
Carolimeter
Total

element
Tracker
Start Counter
Frame
PMT
Scintillator

description
Budget
cost [M Yen]
MWPC
Common use
0
Segmented scintillator Common use
0
Grant(Kakenhi)
1
48 x H2431
Grant(Kakenhi)
10
24 pieces
Grant(Kakenhi)
2
Reuse of E06
0
13
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5

Summary

We propose combined measurements of nuclear ω bound state and direct ω
mass modiﬁcation. Nuclear ω bound states are measured in A(π − , n)ω reaction and decays of generated ω meson are also measured with ω → π 0 γ
mode. Such exclusive measurement can supply essential information to establish partial restoration of the chiral symmetry in nucleus.
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