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!! e!e" spectrum in Au! Au collisions at
!!!!!!!!
sNN
p #

200 GeV [14]. Recently, the LEPS Collaboration reported
a possible "!N modification in-medium by measuring the
A dependence of the ! photoproduction yields in the
K!K" decay mode [15]. Thus far, no clear evidence for
the modification of the ! meson mass has been observed
in the above experiments. The result described in the
present Letter is the first positive signal of the ! meson
modification.

Detector elements relevant to our analysis are briefly
described as follows. For further details of the E325 spec-
trometer, see [16]. It comprises two arms with electron ID
counters and kaon ID counters that share a dipole magnet
and tracking devices. The typical acceptance in the labo-
ratory frame was 0:5< rapidity <2:0 and 1< #$< 3 for
e!e" pairs. In the present Letter, we report analysis results
with e!e"-triggered data collected in 2001 and 2002. A
primary proton beam with a typical intensity of 9 $7% & 108

per 1.8-sec spill in 2001 (2002) was delivered to targets
located at the center of the magnet. In order to observe the
nucleus-size dependence, we accumulated data by using
two types of targets, carbon and copper. In 2001, one
carbon and two copper targets were used simultaneously,
while in 2002, one carbon and four copper targets were
used simultaneously. The thickness of each copper target
was 73 mg=cm2 and that of the carbon target was
92 $184% mg=cm2 in 2001 (2002). They were aligned along
the beam axis and separated typically by 46 (23) mm in
2001 (2002).

To reproduce the observed invariant mass spectra, we
performed a detailed detector simulation using GEANT4
[17]. All the experimental effects that affect the invariant
mass spectrum, such as multiple scattering and energy loss
including the external Bremsstrahlung of particles, track-
ing performance with chamber resolution, and misalign-
ment of tracking devices, were considered. The effect of
internal radiative corrections was also taken into account
according to [18]. The mass resolution of !! e!e" was
estimated to be 10:7 MeV=c2.

We reconstructed the masses of the ! mesons from the
measured momenta of the e! and e". Figure 1 shows the
obtained invariant mass distributions. We divided the data
into three parts based on the #$ values of the observed
e!e" pairs, #$< 1:25, 1:25< #$< 1:75, and 1:75<
#$. We fitted each mass spectrum with a resonance shape
of!! e!e" and a quadratic background curve. For the!
meson resonance shape, we used the Breit-Wigner curve
M!$m% / 1='$m"m0%2 ! $!0=2%2( with pole mass m0 #
1019:456 MeV=c2 and decay width !0 # 4:26 MeV=c2

convoluted over the detector response in the simulation
according to the kinematical distributions of the ! mesons
in each #$ region. The kinematical distributions of the !
meson were obtained by the nuclear cascade code JAM
[19], which reproduced well the observed distributions as
shown in Fig. 2. The relative abundance of the ! mesons
N!, and the parameters of the quadratic background were

obtained from the fit. The fit region was from 0.85 to
1:2 GeV=c2. The carbon data were well reproduced by
the fit in all the #$ regions. On the other hand, the copper
data in the lowest #$ region contradicted the applied
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FIG. 1. Obtained e!e" distributions with the fit results. The
target and #$ region are shown in each panel. The points with
error bars represent the data. The solid lines represent the fit
results with an expected !! e!e" shape and a quadratic
background. The dashed lines represent the background.
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FIG. 2. Kinematical distributions of e!e" pairs in the mass
region 0:95<Mee < 1:05 GeV=c2. Acceptance was not cor-
rected. Distributions of (a) #$ and (b) contours in transverse
momentum and rapidity. In the plot (a), points represent data and
the line represents simulation result using the nuclear cascade
code, JAM [19].
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ハドロン質量の起源の実証 
原子核内におけるベクター中間子スペクトル測定 
2001‒2002年にデータ取得 
12 GeV p + (C, Cu) -> (ρ, ω, φ) + X, (ρ, ω, φ) -> e+e-

・φの飛距離：~100 fm (βγ ~2) 
・原子核半径：<10 fm

核内崩壊割合が最大

!! e!e" spectrum in Au! Au collisions at
!!!!!!!!
sNN
p #

200 GeV [14]. Recently, the LEPS Collaboration reported
a possible "!N modification in-medium by measuring the
A dependence of the ! photoproduction yields in the
K!K" decay mode [15]. Thus far, no clear evidence for
the modification of the ! meson mass has been observed
in the above experiments. The result described in the
present Letter is the first positive signal of the ! meson
modification.

Detector elements relevant to our analysis are briefly
described as follows. For further details of the E325 spec-
trometer, see [16]. It comprises two arms with electron ID
counters and kaon ID counters that share a dipole magnet
and tracking devices. The typical acceptance in the labo-
ratory frame was 0:5< rapidity <2:0 and 1< #$< 3 for
e!e" pairs. In the present Letter, we report analysis results
with e!e"-triggered data collected in 2001 and 2002. A
primary proton beam with a typical intensity of 9 $7% & 108

per 1.8-sec spill in 2001 (2002) was delivered to targets
located at the center of the magnet. In order to observe the
nucleus-size dependence, we accumulated data by using
two types of targets, carbon and copper. In 2001, one
carbon and two copper targets were used simultaneously,
while in 2002, one carbon and four copper targets were
used simultaneously. The thickness of each copper target
was 73 mg=cm2 and that of the carbon target was
92 $184% mg=cm2 in 2001 (2002). They were aligned along
the beam axis and separated typically by 46 (23) mm in
2001 (2002).

To reproduce the observed invariant mass spectra, we
performed a detailed detector simulation using GEANT4
[17]. All the experimental effects that affect the invariant
mass spectrum, such as multiple scattering and energy loss
including the external Bremsstrahlung of particles, track-
ing performance with chamber resolution, and misalign-
ment of tracking devices, were considered. The effect of
internal radiative corrections was also taken into account
according to [18]. The mass resolution of !! e!e" was
estimated to be 10:7 MeV=c2.

We reconstructed the masses of the ! mesons from the
measured momenta of the e! and e". Figure 1 shows the
obtained invariant mass distributions. We divided the data
into three parts based on the #$ values of the observed
e!e" pairs, #$< 1:25, 1:25< #$< 1:75, and 1:75<
#$. We fitted each mass spectrum with a resonance shape
of!! e!e" and a quadratic background curve. For the!
meson resonance shape, we used the Breit-Wigner curve
M!$m% / 1='$m"m0%2 ! $!0=2%2( with pole mass m0 #
1019:456 MeV=c2 and decay width !0 # 4:26 MeV=c2

convoluted over the detector response in the simulation
according to the kinematical distributions of the ! mesons
in each #$ region. The kinematical distributions of the !
meson were obtained by the nuclear cascade code JAM
[19], which reproduced well the observed distributions as
shown in Fig. 2. The relative abundance of the ! mesons
N!, and the parameters of the quadratic background were

obtained from the fit. The fit region was from 0.85 to
1:2 GeV=c2. The carbon data were well reproduced by
the fit in all the #$ regions. On the other hand, the copper
data in the lowest #$ region contradicted the applied
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FIG. 1. Obtained e!e" distributions with the fit results. The
target and #$ region are shown in each panel. The points with
error bars represent the data. The solid lines represent the fit
results with an expected !! e!e" shape and a quadratic
background. The dashed lines represent the background.
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region 0:95<Mee < 1:05 GeV=c2. Acceptance was not cor-
rected. Distributions of (a) #$ and (b) contours in transverse
momentum and rapidity. In the plot (a), points represent data and
the line represents simulation result using the nuclear cascade
code, JAM [19].
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　　: 実験 
　　: フィット

核内崩壊割合が最も高いデータでスペクトルが変形



φ中間子の典型的な飛距離 > 原子核半径 
-> φ中間子は様々な密度で崩壊する（真空と標準原子核密度だけではない。）

pA反応におけるバリオン密度 4

4.5. THEORETICAL INTERPRETATION 99
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Figure 4.16: Woods-Saxon distributions for the nuclear density profile used in the
model calculation. The solid line for the copper nuclei, and the dashed line for carbon
nuclei.

when ktot
2 = 0.

In the model calculation we considered that φ mesons were generated in the target
nucleus according to the nuclear density profile. This is reasonable because we mea-
sured the mass-number dependence of the φ meson production cross section almost
as σ(A) ∝ A1 [49]. Generated φ mesons were traced until the decay point with the
modified pole mass and the decay width according to the nuclear density distribution.
The decay probability increased in the nucleus due to the width broadening. We used
the Woods-Saxon distribution for the nuclear density distribution, which is shown in
Figure 4.16 as a function of the radial coordinate r with the equation of ;

ρ/ρ0(r) =
N

1 + exp( r−R
τ )

,

where R = 4.1(2.3) fm, τ = 0.50(0.57) fm and N = 1.2(0.9) for the copper(carbon)
target. Here, R is the half density radius of the nucleus and the surface thickness t is
related to τ as t = 4 × ln(3) × τ = 4.4 × τ [50]. The values for R and t for copper are
given from the data of the p-A scattering [50] and an approximation R = 1.02 × A1/3

and t = 2.5 is used for carbon. The normalization factor N was determined to satisfy
that the volume integral of these distribution is equal to the mass number of carbon
or copper.

We modified the Breit-Wigner shape of the φ meson with the parameters k1 and
ktot

2 . Then we performed the simulation to take into account the internal radiative
corrections and the detector effects. Figure 4.17 and 4.18 show the simulated mass
shapes with typical model parameters of k1 and ktot

2 in the cases (i) and (ii). The
in-medium modification of φ meson makes the tail component in the excess region. In
the case (i), the amount of the tail increases with ktot

2 , especially in the copper target

- 368 / 668 -

Woods-Saxon分布

原子核中心からの距離

密度

2007年の論文における解析では、密度の空間分布としてWoods-Saxon分布を採用した。 

しかし、pA反応後に、原子核を構成していた核子は時間発展する可能性がある。 
-> φが感じる密度は自明ではない。
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Woods-Saxon分布

原子核中心からの距離

密度

2007年の論文における解析では、密度の空間分布としてWoods-Saxon分布を採用した。 

しかし、pA反応後に、原子核を構成していた核子は時間発展する可能性がある。 
-> φが感じる密度は自明ではない。

?
φ
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PHSD：Parton-Hadron-String Dynamics 
・平衡・非平衡状態におけるパートン、ハドロンの輸送計算 
　主に高エネルギー重イオン衝突実験で利用 

・pA反応後の、φ・核子・その他ハドロンの時間発展をシミュレーション 

・原子核を、φなどと相互作用する核子として扱う。 
　<-> 過去の解析：φに対する外場 

・φの質量変化を考慮して時間発展 

→・pA反応後の密度の空間分布 
　・φの生成位置 
　　<- 前回の解析ではWoods-Saxon分布を使用 
　に関してより現実的な情報が得られる。
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KK

BB string

mB string

NN -> φNN (string)

πB

12 GeV p + Cu 
・string: ~90 % 
・KK: ~5 % 
・πB: ~5 %
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KK -> φ過程は 
・遅いタイミング 
・原子核中心から遠方 
・低密度 
で起こる。 
が、全体の~5 %なので影響は小さい。 

-> 詳細はPRCに投稿中 
　P. Gubler, M. Ichikawa, E. Bratkovskaya, 
　T. Song

衝突時刻
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φ生成位置 9

Woods-Saxon分布：  

Cuでのパラメータ 
・R = 4.25675 
・τ = 0.5977

ρ(r) =
N

1 + exp r − R
τ

ρ0

φ生成位置はWoods-Saxon分布に概ね従う。
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衝突前 10 fm/c 
（衝突の7 fm/c後）

25 fm/c

バリオン密度の空間分布の時間発展（空間座標：実験室系、密度：重心系）

z (ビーム軸)

x, y軸

色：密度（log）

15 fm/c

50 fm/c

衝突後、いくらかの核子がビーム方向に飛ばされ、その後全体が膨らむ。

Work in Progress
35 fm/c

1,000衝突の平均
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核子の時間発展 11

衝突後に一度分布が狭まり、その後徐々に広がる。 
原子核の変形の影響は無視はできない。

・ガウシアンでフィット 
・中心が0になるように横軸方向に並行移動

Work in Progress

密度のz軸分布 密度のxy面分布

多くのφはこのあたりで 
生成、核外へ飛び去る
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Figure 4.7: Kinematical distributions of e+e− pairs in the φ mass region from 0.95
to 1.05GeV/c2, as functions of (a) βγ , (b) rapidity, (c) transverse momentum, and
(d) transverse momentum versus rapidity. The closed circles represent the real data
and the histograms represent the simulation results obtained by using JAM and the
detector simulation.

βγ Rapidity

Rapidity：pTpT

　：実験データ 
　：過去の解析 
　：今の解析（PHSD + 実験の効果）

Work in Progress Work in Progress

Work in Progress Work in Progress

今の解析で得られるφの運動量分布は、実験データによく一致

実験の効果 
・Internal radiative correction 
・崩壊e+e-のエネルギー損失 
・検出器のアクセプタンス、分解能
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PHSD + 実験の効果でフィットする手法を確立 
現在、シミュレーションの統計を貯めている。

Work in Progress

Cu, βγ <1.25

黒：実験値 
緑：φ中間子スペクトル（PHSD＋実験の効果） 
青：背景事象（二次式） 
赤：フィット結果（緑＋青）
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・KEK-PS E325実験 
　・原子核中におけるベクター中間子スペクトル測定 -> ハドロン質量の起源 
　・12 GeV p + A -> (ρ, ω, φ) + X, (ρ, ω, φ) -> e+e- 
　・原子核内におけるスペクトル変形の兆候を観測 

・PHSD輸送計算 
　・平衡・非平衡状態におけるパートン、ハドロンの輸送計算 
　・φの生成位置 
　　pA反応後の密度の空間分布 
　　についてより現実的な情報が得られる。 
　　-> pA反応後の密度分布の影響は無視できない程度にありそう。 

・PHSDに実験の効果を加え、実験データにフィットする手法を確立 
・シミュレーションの統計を貯めている。
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必要統計量の見積もり 16
・「PHSD + 実験の効果」の質量分布から質量をランダムに取得し、スペクトルを生成 
・スペクトルの統計が10,000イベント貯まるごとに、実験データにフィットして 
　χ2をプロット（左の図、100Mイベントまで） 
・上記の操作を5回繰り返し、χ2の収束具合を見る（右の図）。
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χ2の振れを0.1以下にしたければ、10Mイベント程度必要 
-> 質量変化のパラメータを30セット用意する場合、PHSDに1,500コア x 9ヶ月必要 
　CPU: Intel Xeon Max 9480 (1.9 GHz) 
-> 必要なPHSD稼働時間を2セット分まで減らす試みを進行中

5個のデータセット内の最大χ2と 
最小χ2の差

χ2のフィット関数イベント数依存性


