
国立研究開発法人日本原子力研究開発機構・原子力科学研究部門　原子力科学研究所　先端基礎研究センター・
研究職

科学研究費助成事業　　研究成果報告書

様　式　Ｃ－１９、Ｆ－１９－１、Ｚ－１９ （共通）

機関番号：

研究種目：

課題番号：

研究課題名（和文）

研究代表者

研究課題名（英文）

交付決定額（研究期間全体）：（直接経費）

８２１１０

基盤研究(C)（一般）

2022～2020

Connecting the QCD vacuum with experimental observables through realistic 
proton-nucleus reaction simulations

Connecting the QCD vacuum with experimental observables through realistic 
proton-nucleus reaction simulations

００６３２３９０研究者番号：

ＧＵＢＬＥＲ　ＰＨＩＬＩＰＰ（Gubler, Philipp）

研究期間：

２０Ｋ０３９４０

年 月 日現在  ５   ６   ６

円     2,100,000

研究成果の概要（和文）：この研究の目的は、ベクトル・メソンのオフシェルのダイナミックスも取り扱える最
先端のトランスポート・フレームワークを駆使し、陽子・原子核(pA)反応の数値シミュレーションを実施するこ
とで、核物質中のphi中間子の質量変化を解析することにあった。その結果、有限密度における強い相互作用の
カイラル対称性のオーダーパラメーターに制限を与えることができる。
結果として、KEK及びJ-PARCにて研究されるpA反応の現実的なシミュレーションには成功したが、phi中間子の質
量変化を確実に同定するためにはより精度の良い実験データの観測及びpA反応コードの開発を含むさらなる研究
が必要だということが分かった。

研究成果の概要（英文）：The purpose of this project was to perform numerical simulations of 
proton-nucleus (pA) reactions, making use of a state-of-the-art transport framework, that can 
particularly treat the off-shell dynamics of vector mesons, with the goal of studying the mass 
modification of the phi meson in nuclear matter. The result of this analysis can be used to 
constrain the order parameter of chiral symmetry of the strong interaction at finite density.
During the research period, we succeeded in conducting realistic transport simulations of the pA 
reactions probed at KEK and J-PARC, but found that for clearly determining the mass shift of the phi
 meson in nuclear matter, more work will be needed in the future, including the measurement of more 
precise dilepton data from pA reactions and the further development of pA reaction simulations.

研究分野：ハドロン物理学

キーワード： 強い相互作用　ベクトル・メソン　phi中間子　核物質　カイラル対称性

  ２版

令和

研究成果の学術的意義や社会的意義
The research of this project will help to clarify the the origin of the visible (hadronic) mass in 
our universe. This mass is thought to be generated by the spontaneous breaking of the chiral 
symmetry of the strong interaction, but this assumption has so far never been experimentally 
confirmed.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
 
The background of this research project is related to the problem of understanding the origin 
of the visible (hadronic) mass in our universe. While the Higgs field generates bare masses 
for the quarks, it does not explain the heaviness of hadronic masses, which is theoretically 
expected to be caused by the breaking of chiral symmetry of the strong interaction (Quantum 
ChromoDynamics, QCD) and the ensuing formation of the so-called chiral condensate. While 
this mechanism is relatively well understood from a theoretical point of view, it has so far 
never been directly confirmed in an experimental measurement. 
In this situation, it has been proposed to probe the chiral condensate and especially its 
reduction at finite density by measuring the masses of light vector mesons in nuclear matter 
[1,2]. This is so because QCD sum rules calculations have shown such vector mesons to be 
sensitive to the magnitude of the chiral condensates of u, d and s quarks. In the past two 
decades, many efforts were dedicated to the study the ρ meson at finite density, which is a 
vector meson mostly sensitive to the chiral condensate of u and d quarks. Because the ρ 
meson undergoes strong broadening in nuclear matter, it has however turned out to be 
difficult to measure its mass change at finite density. Therefore, the focus has in recent years 
been laid on the ϕ meson, which is another vector meson mainly sensitive to the chiral 
condensate of the s quark, is expected to be less broadened in nuclear matter and hence an 
easier target for an experimental measurement. 
To study the mass of the ϕ meson at finite density in actual experiments, pA (proton-nucleus) 
reactions are most commonly used. In such reactions, the ϕ meson is produced at both the 
surface and center of the target nucleus and subsequently moves around in the nucleus before 
leaving the dense target region. At some time during this process, it can decay into a dilepton 
pair (electron and positron), which are then measured in the experiment. It hence, 
experiences many different densities during the whole reaction, which should therefore be 
well understood to be able to accurately interpret the resultant dilepton spectrum. For this 
purpose, realistic numerical simulations of the corresponding reactions are indispensable. 
 
 
２．研究の目的 
 
The purpose of this project was to perform numerical simulations of pA reactions making use 
of a state-of-the-art transport framework, that can particularly treat the off-shell dynamics 
of vector mesons, which is important in view of the broadening phenomenon that (besides the 
more interesting and relevant mass shift) can happen to vector mesons at finite density. The 
specific goals of the project were the following: 
(1) Performing realistic numerical simulations of pA reactions probed at KEK and J-PARC 
(2) Determine the mass shift of the ϕ meson in nuclear matter by combining experimental 

data with the numerical simulations 
(3) Determine the change of the strange quark chiral condensate in nuclear matter 
 
Fitting the dilepton spectra obtained from the transport simulations of goal nr. 1, in which 
multiple scenarios with different ϕ meson mass shifts were assumed, to the available 
experimental data, one can determine which mass shift scenario best fits the data and thus 
goal nr. 2 can be achieved. Using the theoretical results of QCD sum rules, the mass shift can 
then further be related to the chiral condensate of the s quark, which leads to goal nr. 3. 
 
 
３．研究の方法 
 
For the purpose of this project, we made use of the PHSD transport code that was developed 
by Cassing and Bratkovskaya and is equipped to treat both mass shift and broadening 
scenarios (or combinations of them) of vector mesons at finite density [3,4]. Using this code, 
we first simulated 12 GeV pA reactions (e.g. the kinetic energy of the incoming proton in the 
lab frame equals 12 GeV) with Carbon and Copper nuclear targets. These correspond to the 
reactions probed at the KEK E325 experiment [5]. In these simulations, once ϕ mesons (as 
well as other vector mesons) are generated, the shining method is employed to compute the 
respective dilepton contribution. This method assumes that the vector mesons and constantly 



emitting dilepton pairs at each time step of the simulation, which helps to gain enough 
statistics for these in reality rather rare electromagnetic decays. Once the total dilepton 
spectrum for the whole reaction is obtained, further experimental effects such as the limited 
experimental resolution for the energy and momenta of the dileptons are incorporated into 
the dilepton spectrum, which is finally fitted to the available experimental data of the KEK 
E325 experiment.  
We have also simulated similar 30 GeV pA reactions with the same Carbon and Copper 
nuclear targets, which will be measured at the future J-PARC E16 and E88 experiments. We 
have in these simulations especially studied the K+K- decays of the ϕ mesons and the final 
state interactions of the outgoing kaons with the surrounding nuclear matter, as these will 
be the main target of the E88 experiment. 
 
 
４．研究成果 
 
Using the method described in the previous two sections, we have computed the dilepton 
spectra of 12 GeV pC and pCu reactions. As an example, the spectrum obtained from the pCu 
reaction in the region of the ϕ meson mass is shown in Fig. 1 for several scenarios with  

Fig. 1: Dilepton spectrum in the ϕ meson mass region for several in-
medium mass shift scenarios without broadening effects.   

Fig. 2: Fit of the dilepton spectrum in the ϕ meson mass region for several 
in-medium mass shift scenarios without broadening effects to the 
experimental data of the KEK E325 experiment.   



different mass shifts, but no broadening effects. After applying experimental effects such as 
limited resolution, this spectrum can be fitted to the experimental data of the KEK E325 
experiment, where we assume a third order polynomial for the background. The result is 
shown in Fig. 2, for the same scenarios that were already shown in Fig. 1. As can be seen in 
Fig. 2, the quality of the fit differs considerably depending on which mass shift scenario is 
taken. Next, the quality of all simulated modification scenarios are compared in Fig. 3 in 
terms of χ2/d.o.f values for ϕ mesons with small momenta in the lab frame (βγ < 1.25). As can 
be observed in this plot, the best fits are realized for simulations with both mass shift and 
broadening. The best fit is specifically obtained for a mass shift of -204 MeV and a decay 
width of 202 MeV at normal nuclear matter density (in the simulation, we assume a linear 
dependence of both mass shift and width increase on the density). 
As discussed in the previous paragraph, we found from our transport simulation that the 
mass shift of -204 MeV can best reproduce the experimental data of the KEK E325 
experiment. As can however be seen in Fig. 3, other scenarios give very similar χ2/d.o.f values, 
suggesting the need of more precise experimental data for reaching a more definite conclusion. 
Generally, the negative mass shift values that give a reasonably good fit to the experimental 
data are much larger than those reported in the original experimental paper of Ref.[??], which 
further hints at the existence of large systematic uncertainties is the analysis of the 
experimental data, which have to be investigated further in the near future, especially in 
light of the future J-PARC E16 and E88, which will start measuring physics data in the next 
few years. The results of the transport simulations discussed here have so far been published 
in several conference proceedings [6,7], while a full paper describing the obtained results in 
detail, is in preparation [8]. In addition, two papers in close relation with this project were 
published: 1) A paper improving the previous QCD sum rule calculation on the behavior of 
the ϕ meson in nuclear matter [9], 2) A paper as a result of a collaboration between theoretical 
and experimental researchers, discussing the angular distributions of the dilepton and K+K- 
decays of the ϕ meson [10]. 
As mentioned in the previous section, we have during the course of this project also simulated 
30 GeV pC and pCu reactions, which will be measured at the J-PARC E16 and E88. As these 
experiments have currently not started yet, we could not compare our results to any available 
experimental data. However, we could provide the results of our simulation especially to the 
members of the E88 collaboration, which used them to compose their experimental proposal 
to the J-PARC Program Advisory Committee, which approved it as a Stage-1 status 
experiment as a result of the submitted proposal [11]. 
 
Overall, the first and most important goal of this project, which was to conduct realistic 
transport simulations of the pA reactions probed at KEK and J-PARC was achieved 
successfully. For completing the second and third goal, that is, determining the mass shift of 
the ϕ meson in nuclear matter and using it to constrain the s quark chiral condensate at 
finite density, more work will be needed in the future. This includes the measurement of more 
precise dilepton data from pA reactions and the further development of pA reaction 
simulations to be able to interpret the measured dilepton spectra with less ambiguity.  
 

Fig. 3: χ2/d.o.f values of fits of the dilepton spectrum in the ϕ meson mass 
region for several mass modification and broadening scenarios. 
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