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Abstract

We propose a new experimental program at J-PARC using heavy-ion beams
(J-PARC-HI). For this program, we propose upgrading the accelerator complex
for heavy-ion acceleration. Our goal is twofold : 1) to study QCD phase struc-
tures such as the critical point and phase boundary of the chiral phase transition;
and 2) to study the properties of hadrons and nuclei at the densities as high as
5− 10 times the normal nuclear density created in heavy-ion collisions. Some of
the most important studies in this program will involve searching for the critical
point using event-by-event fluctuations of conserved charges, and searching for
the chiral phase transition using lepton pair measurements. The heavy-ion ac-
celeration scheme is designed based on the use of a new linac and booster ring as
a heavy-ion injector, combined with the existing the Rapid-Cycling Synchrotron
(RCS) and the Main Ring synchrotron (MR). In this scheme, heavy-ion beams
up to uranium will be accelerated to 1 − 20 GeV per nucleon, corresponding to
a nucleon-nucleon center-of-mass energy of 2− 6.2 GeV, possibly at the world’s
highest beam rate of 1011 Hz. A large acceptance spectrometer based on toroidal
coils was designed to measure dileptons and hadrons, and their fluctuations and
correlations. The design of the spectrometer and the detector complex, as well as
their simulation studies are discussed. We intend to produce a detailed budget
plan by 2018 to meet the budget proposal in 2019, and we aim to start the first
heavy-ion experiment in 2025.
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Executive summary

We propose a new physics program using heavy-ion beams at J-PARC. For this pro-
gram, J-PARC-HI, we propose to upgrade the J-PARC accelerators to utilize heavy-ion
beams and perform a heavy-ion collision experiment at the Hadron Experimental Fa-
cility, wherein dense matter with baryon density 5− 10 times higher than the normal
nuclear density, which is comparable to the density of a neutron star core, will be
created. This experiment will focus on the following main physics objectives:

• exploring a QCD phase diagram, that includes the critical point and the first-
order phase transition;

• studying chiral symmetry restoration, including a quantitative understanding of
chiral condensate as a function of density;

• determining the properties of quark and hadronic matter at extremely high den-
sity, in order to develop, e.g ., an equation of state (EoS) of dense matter;

• studying multi-strangeness systems, namely, the production of hyperons, hyper-
nuclei, deeply bound kaonic nuclei, and |S| >= 3 hypernuclei and strange quark
matter;

• determining the properties of charmed hadrons in dense matter, which are closely
related to the chiral symmetry restoration and diquark correlation in high density
environments.

It has been theoretically predicted that the QCD phase diagram in the tempera-
ture (T )–baryon chemical potential (µB) plane has a first-order phase boundary and a
critical point as shown in Fig. 1, although the locations and properties of those have
not yet been determined. Therefore, one of the major goals of this program is to
determine these phase structures experimentally by utilizing high-intensity heavy-ion
beams. Although the creation of quark-gluon plasma (QGP) has been established in
high-energy heavy-ion collisions at the Relativistic Heavy-Ion Collider (RHIC) and the
Large Hadron Collider (LHC), the medium created by these experiments covers a small
µB region at which the phase transition to QGP is a smooth crossover. In contrast, a
medium with large µB can be created in lower-energy heavy-ion collisions. Therefore,
J-PARC-HI will open up an opportunity for revealing the phase structures in a large
µB region.

Another important problem in physics at high baryon density is determining the
EoS of quark and nuclear matter at high density, which is relevant to neutron stars
and neutron star mergers. The matter created in heavy-ion collisions at J-PARC has a
similar baryon density and temperature as that which occurs in neutron star mergers
and has baryon density similar to that of neutron star cores. Recently, studies of the
EoS in neutron star cores have progressed dramatically through the observation of
neutron stars with a mass approximately twice the solar mass. Following the recent
observation of the gravitational wave of a black hole merger by the Laser Interferometer
Gravitational-Wave Observatory (LIGO), gravitational waves emitted by neutron star
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Figure 1: A schematic QCD phase diagram in the temperature (T ) and baryon chemical
potential (µB) plane. Regions that can be explored by heavy-ion collisions at the LHC,
RHIC, J-PARC, Facility for Antiproton and Ion Research (FAIR), and Nuclotron-
based Ion Collider Facility (NICA) are also shown. The critical point is shown as a
filled circle between the RHIC and J-PARC regions, and the first-order phase transition
line is shown by a solid line staring from the critical point. Note that these locations
are assumptions.

mergers may also soon be observed, allowing the EoS to be studied. This program
will therefore be a unique experiment to study the EoS under extreme environments
similar to those in neutron star mergers and neutron star cores.

At the current J-PARC accelerators, only protons can be accelerated. By accel-
erating heavy-ion beams, we can open up new and rich research fields. Ongoing ex-
periments at the J-PARC Hadron Experimental Facility utilize proton and secondary
meson beams and measure lepton pairs, hypernuclei, exotic hadrons, baryon-baryon
interactions, etc. These experiments are aimed at studying hadron and nuclear prop-
erties at a density similar or lower to the normal nuclear density. Using heavy-ion
collisions, we will be able to extend these physics to higher baryon densities.

Worldwide, there are several other ongoing or planned heavy-ion programs at
around J-PARC energies, including RHIC, NICA, and FAIR. The collision energy
range of RHIC is higher than that of J-PARC, while the range of NICA is slightly
lower. These experiments will be complementary to J-PARC, which has an energy
range similar to that of the SIS-100 synchrotron at FAIR, and both will have ex-
tremely high interaction rates. Because of its higher maximum energy and beam rates,
J-PARC would have an advantage over the FAIR SIS-100 for heavy-ion experiments.

We propose a heavy-ion acceleration scheme at J-PARC, using a new heavy-ion
injector comprising a linac and a booster synchrotron, in addition to the existing the
Rapid-Cycling Synchrotron (RCS) and the Main Ring synchrotron (MR), as shown
in Fig. 2. The heaviest ions that can be accelerated are uranium ions with a highest
energy of 20 AGeV. The high-intensity performance of the RCS and MR, which has
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already been established by proton acceleration would enable the acceleration of world’s
highest intensity heavy-ion beams at the rate of 4×1011 per MR cycle. We will operate
proton beams for the Material and Life sciences Facility (MLF) and heavy-ion beams
for the MR in parallel with the RCS. The heavy-ion beams from the MR will be slowly
extracted and transported to the Hadron Experimental Facility via the high-momentum
beam line.

Figure 2: A possible heavy-ion acceleration scheme for adaption in the existing J-
PARC facilities. The present J-PARC accelerator scheme and experimental facilities
that make use of proton beams are shown in blue; the possible heavy-ion acceleration
scheme is shown in red.

In J-PARC-HI, we will search for the QCD critical point by measuring event-by-
event fluctuations of conserved charges such as baryon number, electric charge, and
strangeness, and search for chiral symmetry restoration by measuring dileptons and
charmed hadrons. We will measure collective flow and correlations to study the EoS
of dense matter and search for the critical point and the phase transition. In addition,
we will measure multi-strangeness hadrons and hypernuclei with strangeness |S| ≥ 2
and search for strange quark matter (strangelets). These measurements will be made
possible by taking advantage of high intensity heavy-ion beams at 1011 Hz produced
at J-PARC.

In order to produce this variety of physics, we are planning to construct a large
acceptance spectrometer for lepton, photon, charm, and hadron measurements. The
spectrometer will comprise forward and barrel silicon vertex trackers around the target,
a ring-imaging Cherenkov detector, twelve-fold toroidal coils to form the magnetic field
along the φ-direction, time-of-flight counters, electro-magnetic calorimeters, neutron
counters, a muon tracker system, and Gaseous Electron Multiplier (GEM) trackers to
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enable precise track reconstruction.
We intend to prepare a budget plan by 2018 to meet the budget proposal in 2019,

with the aim of starting the first heavy-ion experiment in 2025.
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1 Motivation for J-PARC-HI

Heavy-ion collisions with nucleon-nucleon center-of-mass energies
√
s
NN

higher than a
few GeV (relativistic heavy-ion collisions) create an extremely hot and dense medium.
Heavy-ion experiments in this relativistic energy regime have been performed worldwide
over the last three decades at accelerator facilities such as Bevalac, the Alternative
Gradient Synchrotron (AGS), the Super Proton Synchrotron (SPS), RHIC and the
LHC.

Heavy-ion collisions at the intermediate energy were studied at the AGS in 1986-
1995 and have also been studied at the SPS since 1986. After the completion of heavy-
ion experiments at the AGS, most of the theorists and experimentalists who studied
physics there immediately moved to studies at RHIC (2000-) at the much higher energy
of
√
s
NN

= 200 GeV in order to search for unambiguous signatures of QGP formation;
therefore, they did not have sufficient time to study the dense matter created at the
AGS in detail.

The development of an intermediate-energy heavy-ion beam facility has been a long-
held dream of Japanese hadron/nuclear physicists. A number of experimental programs
have been proposed including several involving the use of intermediate-energy heavy-
ion beams. Both the Numatron Project in 1976 and the Japan Hadron Project in 1987
(led by Nagamiya), were canceled. The J-PARC project stopped implementation of a
heavy-ion program when KEK’s Japan Hadron Facility and JAEA’s Research Facility
Complex for Neutron Science were unified as J-PARC.

After the AGS experiments terminated in 1998, a modern picture of the QCD phase
diagram with a smooth crossover at low baryon density, first-order phase transition, and
a critical end point at the high-density region was predicted in a paper by Stephanov
et al . [1], based on the results by lattice QCD calculations at µB = 0. The paper also
pointed out that the critical point can be experimentally measured using observables
such as event-by-event fluctuations. Unfortunately, the existence of a critical point
in the high baryon density region was unknown in the AGS era, and therefore no
experimental study aiming at a critical point search was conducted.

In 2010, heavy-ion collisions started at the LHC with
√
s
NN

= 2.76 TeV. The
regions studied at RHIC and the LHC are at high temperature, but have low baryon
density. Many interesting physics phenomena have been observed at these facilities,
in particular the formation of QGP [2, 3]. However, no evidence of either a critical
point or a first-order phase transition has been found, although many experimental
observables at the two facilities support the cross-over transition.

As the properties of QGP have been revealed at RHIC and the LHC, studies of
high-density regions with intermediate-energy heavy-ion collisions have begun to at-
tract more attention from theorists and experimentalists interested in conducting a sys-
tematic understanding of the properties of QGP and QCD phase structure as a function
of collision energy. There are many important subjects left in the intermediate energy
region (

√
s
NN

= 3−20 GeV) for which the J-PARC energy range (
√
s
NN

= 2−6.2 GeV)
is best suited.

Although the previous work at the AGS provided insights into the basic properties
of dense matter, further experiments will be required to start to build a deeper under-
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standing of the subject. As described above, a search for the critical point through
analysis of event-by-event fluctuations should be performed at intermediate energies.
Lepton pairs, which are known to be a good probe for studying the properties of hot
and dense matter such as chiral transition, thermodynamics, and the EoS of the matter,
were not measured at the AGS, although a proposal to do so was put forward there
but not approved [4]. Studies at J-PARC using the latest experimental technology
and much higher statistics would therefore be a useful bridge to better understand the
dense matter.

In this letter of intent, we propose a new program using heavy-ion beams at J-PARC
(J-PARC-HI). At present, the synchrotrons at J-PARC are used only to accelerate
proton beams; the addition of heavy-ion beams at the facility will enrich research. In
J-PARC-HI, a fixed target experiment will be performed with heavy-ion beams from
the MR at

√
s
NN

= 2.0 − 6.2 GeV. An extremely dense medium with baryon density
of 5 − 10 times the normal nuclear density is expected to be created at the highest
beam energy. Study of the medium’s properties in an extremely dense environment,
which would include a search for the critical point and the first-order phase transition
of chiral symmetry restoration as well as the development of an EoS relevant to the
physics of neutron stars and neutron star mergers, would be one of the central subjects
of this program.

Taking advantage of the high performance of the accelerators and the fixed-target
experiment, the J-PARC-HI would be able to achieve the highest collision rate of
all existing and past heavy-ion experiments. Precise measurements of a variety of
observables for the first time at J-PARC-HI will produce reveal an abundance of new
physics in various research fields.

Several other heavy-ion projects are currently operating or planned at intermediate
energy ranges. The collider experiments with

√
s
NN

= 7.7 − 60 GeV known as the
beam-energy scan (BES) program at RHIC have been completed through their first
stage, and a second is planned at a tenfold higher luminosity [5, 6]. Other experimental
programs to perform fixed-target and collider experiments at

√
s
NN

= 2− 10 GeV are
planned at FAIR in GSI [7, 8] and at NICA in JINR [9], respectively. J-PARC-HI will
have the highest collision rates among these programs, which will enable similar studies
to be conducted with higher statistics and utilizing rarer probes. Thus, J-PARC-HI
will play a central role in attempting to address the physics challenges that have been
discussed in this section.

2 Physics goals

The baryon density of the medium created in heavy-ion collisions at J-PARC is ex-
pected to reach five to ten times the normal nuclear density (ρ0). J-PARC-HI will
access this extremely dense matter in order to focus, in particular, on the following
two main subjects:

1. The search for the QCD critical point and the first-order phase transition of the
chiral and deconfinement phase transitions.
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Figure 3: The predicted location of the critical point obtained by various theoretical
models (black diamonds) and lattice QCD calculations (green diamonds). Red circles
are chemical freezeout points obtained experimentally. See details in [14].

2. The determination of the EoS of a medium with a density higher than ρ0, which
is relevant to the physics of neutron stars and neutron star mergers.

A strongly-interacting medium is predicted to have various phase transitions at an
extremely high temperature T and a high baryon density ρB, or a high baryon chemical
potential µB, as shown in the hypothetical phase diagram in Fig. 1. From lattice QCD
calculations, it is known that the phase transition to the QGP from a hadronic medium
is a smooth crossover at small µB [10]. In contrast, various effective models of the QCD
predict that the transition becomes first-order at high µB [11]. Therefore, the endpoint
of the first-order transition line, i.e. the QCD critical point, is expected to be present
in the phase diagram as in Fig. 1. It is also conjectured that the medium in a dense
environment undergoes various phase transitions to color superconducting [12] and
inhomogeneous [13] phases. Unlike the low µB region, little is known about the phase
structure at high µB, where lattice QCD calculations are extremely difficult. Indeed,
the location of the critical point predicted by various lattice QCD calculations and
models scatters over the phase diagram, as shown in Fig. 3. Therefore, experimental
studies of the high-density region, especially a search for the critical point and the
first-order transition, are extremely important.

In relativistic heavy-ion collisions, different regions in the phase diagram can be
explored by varying

√
s
NN

. In high-energy heavy-ion collisions at RHIC and the LHC,
nucleons in the colliding nuclei pass through each other (“baryon transparency”), be-
cause the stopping power for colliding nucleons is not sufficient to decelerate them in
the colliding zone. Following collision, matter with high temperature but low ρB is
created. The QGP was discovered in this type of matter at these facilities.

In contrast, in heavy-ion collisions at J-PARC energies, the initial momenta of
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Figure 4: The
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dependence of temperature and baryon chemical potential at
chemical freezeout [15].

nucleons produced by nuclei are sufficiently decreased by the interaction that they
overlap at the colliding point (“baryon stopping”), producing a medium at high µB.
In this way, the µB of the medium created in the collisions changes depending on the
collision energy. This

√
s
NN

dependence of the collision dynamics is clearly observed
in the rapidity distribution of the net-proton number [16]. The thermal parameters
determined by chemical freezeout shown in Fig. 4 [15] also support the change of the
freezeout point in the T–µB plane. Experimental studies of the QCD phase diagram
are therefore possible by varying the collision energy.

The chemical freezeout picture for hadron yields suggests that the maximum baryon
density at freezeout is achieved at

√
s
NN

= 3 − 5 GeV [19]. This energy range will
be covered by J-PARC-HI. Analyses based on dynamical models indicate that the
highest baryon density of ρ/ρ0 & 5 at the equilibration time is achieved in collision
energies. As an example of such model analysis, we show a time evolution of the
baryon density calculated by the JAM model [17] in the left panel of Fig. 5. At the
equilibrium time defined as the time when transverse and longitudinal temperatures
become similar, the baryon density reaches a maximum of around 5ρ0 at Elab = 8 −
30 AGeV, as shown in the right panel of Fig. 5. We remark that this estimation is
obtained by a hadronic cascade model (JAM) that does not include the phase transition
to a deconfined medium. If the medium undergoes a phase transition, the EoS of the
medium should become softer, which makes compression of the medium easier and in
turn, leads to a much higher maximum density.
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Compared with higher energy collisions, the dynamics of heavy-ion collisions in
the J-PARC energy region,

√
s
NN
' 2 − 6 GeV, are not well understood. Previous

experiments at the AGS measured only hadron production, which did not allow for
the extraction of the full evolution of the system and the properties of the created
medium. Neither lepton measurement nor fluctuation measurement were performed at
AGS. There have also been significant developments in the theoretical and experimen-
tal techniques used at RHIC and the LHC for understanding the properties of the hot
and dense medium utilizing many observables. Thanks to the progress of accelerator
technology and high-rate capability experimental technologies, high-rate heavy-ion ex-
periments at J-PARC will be able to shed light on new physics at high baryon densities
by measuring new probes such as fluctuations, photons and leptons, heavy quarks, etc.

Another approach of research at J-PARC-HI will be the experimental analysis of
the QCD phase structure. The first-order phase boundary and the critical point are
expected to appear in the temperature and density region accessible at intermediate
energies. Experimental observation of these landmarks of the QCD phase diagram
is an intriguing prospect in relativistic heavy-ion collision experiments. Verification
of the threshold collision energy at which the formation of the QGP is realized is
another important issue. The intermediate energy of heavy-ion collisions is extremely
important for pursuing these goals, which cannot be accomplished at the highest heavy-
ion collision energies.

Heavy-ion collisions at intermediate energy (
√
s
NN
' 3−20 GeV) will also become a

unique experimental tool for creating and studying dense media with baryon densities
of 5ρ0−10ρ0, which is comparable to conditions at the cores of neutron stars [20]. The
onsets of exotic phases, such as hyperons and strange quark matter, are expected to
occur in this region. Understanding the properties of dense media, especially the EoS, is
important in constraining the mass-radius relation of neutron stars. Phenomena more
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directly connected to heavy-ion collisions at J-PARC-HI include neutron-star mergers,
which have recently gained much attention as a source of gravitational waves [21] and as
a stage of nucleosynthesis of heavy nuclei [22]. Numerical simulations indicate that the
temperature exceeds 100 MeV during neutron-star merger [20, 23]; these temperatures
and baryon densities are close to those attained by heavy-ion collisions. J-PARC-HI
will thus provide new insights into neutron-star mergers through a “heavy-ion merger”
experiment performed on Earth. Although the core of a neutron star is typically cold,
with a temperature T < 10−2 MeV, J-PARC-HI will also allow us constrain the EoS
of this cold nuclear matter.

To explore the properties of dense matter in heavy-ion collisions, it is important
to select observables sensitive to the medium properties in the early stage of time
evolution. Fortunately, there are various observables in heavy-ion collisions, some of
which are relatively sensitive to the primordial stage and some of which reflect the
physics around the freezeout time. By combining these, we will be able to deepen our
understanding of the overall dynamics of heavy-ion collisions at the J-PARC energy. In
the following sections, we describe some of these observables and explore their relation
to the physics at J-PARC-HI.

2.1 Event selection

Utilizing the high interaction rates at J-PARC-HI, we can perform various event se-
lections (either online or offline), in particular, to enhance rare events, which has not
been possible in current and previous heavy-ion experiments.

In Fig. 6, we show the event-by-event distribution of the baryon density in the early
stage of a collision for the most central collisions at the J-PARC energy calculated using
the JAM model [24, 25]. As the figure shows, the baryon density in the early stage has
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Figure 6: Time evolution of average temperature and baryon density. Circles show the
event-by-event distribution just after collision calculated by JAM for Elab = 25 AGeV
[24, 25].

large event-by-event fluctuations. This suggests that a “baryon density scan” analysis
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is feasible, by classifying collision events with maximum baryon density, e.g., the baryon
density dependences of collective flow and photon and dilepton production will provide
crucial information on the EoS of dense media, chiral condensate as a function of
baryon density, and the existence of the first-order phase boundary. The fluctuation of
the density shown in Fig. 6 should be much more amplified if the medium undergoes
first-order phase transition, which is not considered in JAM. It would be useful to
measure neutrons to improve the quality of the fluctuation measurements. Another
possible measure to use for event selection is the production yield of strangeness, as
this would enable the analysis of the strange chemical potential dependence of the EoS.

Selection of events with an extremely high baryon number or strangeness will cause
the system to shift towards a higher density, as shown in the phase diagram in the
left plot of Fig. 7. If the system is sufficiently close to the phase boundary, it could
cross the phase boundary as a result of such event selection, in which case the

√
sNN

dependence of the mean transverse energy should change dramatically, as shown in
the right plot of Fig. 7. The mean transverse energy may have a clear non-monotonic
dependence that signals the phase transition.

To perform the above analyses, a large number of collision events will be indispens-
able. The high collision rate of J-PARC-HI will make it best suited to perform such
statistics-demanding analyses.

Figure 7: Left: The trajectory of energy dependence of the chemical freezeout point in
the QCD phase diagram with (red) and without (orange) event selection with high net-
baryon numbers. At the assumed critical point and the phase boundary line, the data
cross the phase boundary with event selection. Right: Collision energy dependence of
the transverse energy without event selection, with (red) and without (points) event
selection with high net-baryon numbers.

17



2.2 Leptons and photons

Leptons and photons are unique observables in relativistic heavy-ion collisions. Because
these particles do not carry color charges, once they are produced in the hot medium,
they penetrate it unscathed by strong interactions. Therefore, these observables be-
come a direct signal of medium properties in the early stage of heavy-ion collisions,
such as temperature and the degree of freedom of the system. Measurements of these
observables will be one of the central tasks in J-PARC-HI. At the AGS, leptons and
photons were not measured, while they were measured at the SPS, RHIC, and the
LHC. Thus, it will be extremely important to complete the studies of systematic en-
ergy dependence of these observables at J-PARC-HI.
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Figure 8: Sources of photons observed at RHIC and LHC energies [26].

We will first discuss the measurement of photons. An important purpose of pho-
ton measurements is the observation of thermal radiation of the hot medium. How-
ever, other than thermal radiation, there are various contributions to photon radiation
produced in relativistic heavy-ion collisions. Figure 8 illustrates the most up-to-date
understanding of photon sources as a function of pT and time t of emission following
collision [26]. As shown in the figure, the high pT photons are dominated by hard
contributions, i.e. hard scattering and secondary interaction of hard scattered partons.
These contributions become stronger as

√
s
NN

becomes larger. The isolation of thermal
emissions from these components is an important procedure for the measurement of
thermal photons especially in high-energy collisions. In Fig. 9, we show the direct pho-
ton spectra measured by PHENIX in 200 GeV Au+Au collisions [27] and ALICE [28]
in 2.76 TeV Pb+Pb collisions. These measurements were performed using dielectrons
from internal conversions of virtual photons at low pT . The inverse slopes of the spectra
for 1 < pT < 3 GeV/c are obtained as 220 MeV for PHENIX [29], and 304 MeV for
ALICE [28].

Recently, the second- and third-order anisotropies of the emission angle of photons
with respect to the event plane (v2 and v3, respectively) were measured. These flow
parameters were found to be positive in 1 < pT < 3 GeV/c and to increase as pT
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Figure 9: Left : PHENIX results on invariant yields of direct photons in 200 GeV
Au+Au collisions at various centralities together with that in p + p collisions. Lines
show the Ncoll-scaled p+p fit functions with exponential functions [27]. Right : ALICE
results on invariant yields of direct photons in 2.76 TeV Pb+Pb collisions [28]. These
measurements were done using dielectrons from internal conversion of virtual photons
at low pT .

increases. The flow of thermal photons should follow the expansion of the system,
and is thus positive. The magnitude of the flow is proportional to the lifetime of the
partonic matter.

Under the current theoretical understanding of the flow of thermal photons, they
are dominantly produced not in the QGP phase but in the hadronic phase though the
rescattering of π and ρ mesons. This clearly indicates that understanding of thermal
photon production as a function of collision energy is extremely important for deriving
a quantitative model of photon production both in the QGP and the hadronic phases.
At J-PARC energies, the background from hard scattering processes should be strongly
suppressed. Therefore, photons from the low pT region (pT < 3 GeV/c) are suitable for
the study of medium radiation at J-PARC. The simultaneous measurements of spectra
and flow in this experiment will shed lights on their formation mechanism.

Next, we focus on dileptons. Because the invariant-mass spectrum of dileptons
is directly connected to the spectral function in the vector channel, various relevant
physical phenomena can be studied using this observable. An important physics target
among them is the medium modification of vector mesons. In particular, the modifica-
tion of ρ mesons is a central subject in this field and has long been actively discussed
in connection with the restoration of chiral symmetry [30]. These phenomena can be
explored by the study of the low-mass region (LMR; 0.15 < mll < 0.75 GeV/c2, with
invariant mass mll) of the dilepton spectrum.

The STAR experiment recently measured the e+e− invariant mass spectra in Au+Au
collisions at

√
s
NN

= 19.6, 62.4, and 200 GeV as shown in Fig. 10 [31]. STAR observed
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Figure 10: e+e− mass spectra measured by the STAR experiment in 19.6, 62.4 and
200 GeV Au+Au collisions, together with cocktail calculations and a theoretical model
assuming in-medium modification of the ρ spectral function [31].

a significant excess in the LMR, similarly to that observed at the CERES experi-
ment for Pb+Au collisions at

√
s
NN

= 17.2 GeV [32]. Based on these experimental
results and theoretical analyses [33, 30], we expect larger excess at the J-PARC energy.
With the lower collision energies at J-PARC, charm quark production is heavily sup-
pressed resulting in a significantly reduced background in the intermediate mass region
(1.1 < mll < 2.9 GeV/c2). The main contributor at the intermediate mass region
may become thermal radiation from the partonic phase [34]; therefore, we will look for
thermal radiation in this mass region.

Figure 11 shows the low mass enhancement factor, which is the ratio of the mea-
sured dilepton yield to the cocktail, from known hadron decays in the low-mass region.
Obtaining corresponding data in the J-PARC energy range of

√
s
NN

= 2− 6 GeV will
be extremely important because this region represents the last missing piece needed to
complete the energy dependence study. The existing data show a tendency suggesting
a maximum in the J-PARC energy range, where the baryon density may also reach a
maximum. Precise data from J-PARC and a derived relation to baryon density may
reveal insights into chiral restoration.

The dilepton statistics of J-PARC will be the highest produced by all current and
past experiments. For instance, the statistics will be higher than CERES data [32] by
two to three orders of magnitude. Taking advantage of these high statistics, dilepton
measurements at J-PARC will not only have high accuracy but will also allow for
the selection of various types of events. Precise data on the centrality dependence of
the dilepton production yield, for example, will play a valuable role in discriminating
various models describing system evolution. The availability of high-statistics data will
also open up new analysis methods, such as the moment analysis of invariant mass.
Such a measured moment could be directly related to physical parameters such as
quark and gluon condensates via QCD sum rules [35], that could be used as order
parameters for the chiral phase transition.
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Figure 11: Energy dependence of low mass enhancement factor from GSI-SIS-18 to
LHC.
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Figure 12: Temperature (left) and baryon chemical potential (right) at the chemical
freezeout as a function of the nucleon-nucleon center-of-mass energy [36].

2.3 Hadrons

The abundances of hadrons produced in heavy-ion collisions are important observables.
It is well known that the ratios between various particle yields are nicely reproduced
by a thermal model with only a few fitting parameters over a wide range of

√
s
NN

from the AGS to the LHC. This result suggests the chemical freezeout picture, namely,
that particle yields are fixed in a hot medium under chemical equilibration. From this
picture, it is possible to extract T and µB at chemical freezeout; as a function of

√
s
NN

,
as shown in the T–µB plane as shown in Fig. 4. The chemical freezeout temperature
and the baryon chemical potential are also shown in Fig. 12 as a function of

√
s
NN

[36].
Detailed analysis of the

√
s
NN

dependence of chemical freezeout parameters might
enable us to determine a signal of the first-order phase transition and the critical point.
From the isentropic time evolution of the created matter, it is known that trajectories
on the phase diagram are bent toward the critical point in the T–µB plane when the
medium passes through the first-order transition line [1]. A similar “focusing effect” is
expected to occur even on the crossover side of the QCD critical point [37], although
the focusing effect on the crossover side may be a model-dependent phenomena [38].
Therefore, if the critical point exists near the chemical freezeout line, the

√
s
NN

de-
pendence of the freezeout parameters would be affected. A non-monotonic behavior
of the chemical freezeout T induced by the critical point has also been suggested [1].
With the current statistics, the

√
s
NN

dependence of the chemical freezeout parame-
ters is smooth as shown in Fig. 12. The errors of the experimental data, however, are
still large, especially at the J-PARC energy (

√
s
NN

= 2− 6 GeV), and their centrality
dependence is not well understood. More precise measurements of the freezeout pa-
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rameters at J-PARC-HI may reveal a signal of the phase transition hidden in the
√
s
NN

dependence of freezeout parameters.

Figure 13: Hadron yields normalized by pion yield as a function of nucleon-nucleon
center-of-mass energy (GeV) [36].

The abundances of strange hadrons are further interesting observables that carry
information on the dynamics of heavy-ion collisions. For these collisions, a thermal
model with a chemical freezeout picture requires an additional parameter representing
the pre-equilibrium character of the strange degrees of freedom in order to reproduce
the yields of strange hadrons. Because of its non-equilibrium nature, strangeness can be
used as an observable to understand the dynamical history of the hot medium, including
factors such as the lifetime and density of the medium and its microscopic production
mechanism. The abundances of strange hadrons are known to have characteristic
behaviors at intermediate collision energies. As shown in Fig. 13, yield ratios K+/π+

and Λ/π− have a peak called the “horn” at
√
sNN = 5− 10 GeV. Much conjecture and

discussion have connected these structures with the onset of the deconfinement phase
transition [36]. The J-PARC energy

√
sNN = 2 − 6 GeV corresponds to the slightly

lower side of the peak. Detailed analyses of yield ratios such as the baryon density
dependence in this energy range will provide valuable information to help resolve this
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longstanding issue.
Multi-strangeness hyperons are important for understanding the chemical equilib-

rium of strangeness and may also be sensitive to the formation of the QGP. Thanks to
the high intensity heavy-ion beams at J-PARC, detailed studies of Ξ and Ω production
that were not possible at the AGS will become feasible in J-PARC-HI.

2.4 Event-by-event fluctuations

Fluctuation observables are important probes that can retain information on the degree
of freedom of the QGP phase. In particular, the

√
s
NN

dependence of the event-by-event
fluctuations of various conserved charges may be promising observables in the search
for the QCD critical point and the onset of the deconfinement phase transition [39].
Recently, non-Gaussian fluctuations of conserved charges characterized by higher-order
cumulants have been of particular interest [40]. Analyses of higher-order cumulants of
conserved charges are also performed intensively in lattice QCD calculations [10].

Figure 14: Left : Fourth-order cumulants of the net-proton number as functions of√
sNN (GeV) for different centrality ranges [41]. Right : Theoretical model predictions

of fourth-order cumulants near the critical point [42].

In the left plot of Fig. 14, we show experimental results on the fourth-order cu-
mulants, 〈Nn

p 〉c, of the net-proton number obtained by STAR [43]. In the figure, the
cumulant is plotted with the following normalization:

κσ2 =
〈N4

p 〉c
〈N2

p 〉c
. (1)
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This ratio should be unity if the fluctuation is consistent with that in the equilibrated
hadronic medium. However, the observed cumulant clearly shows deviation from unity,
suggesting the existence of non-hadronic or non-thermal effects. In particular, non-
monotonic energy dependence is observed with strong enhancement at the lowest energy
of
√
sNN = 7.7 GeV. This behavior is predicted by a model wherein the criticality of

cumulants is near the critical point, as shown in the right plot of Fig. 14 [42]. Therefore,
measurements of fluctuations at the J-PARC energy (

√
s
NN

= 2− 6 GeV) can be used
to conclude whether there is a maximum corresponding to the critical point.

An interesting approach to studying the location of the phase boundary at higher
density based on experimentally measured fluctuations of conserved charge has also
been proposed [44].

Experimentally, the event-by-event analysis of fluctuation observables requires sig-
nificant statistics, especially for higher-order cumulants [45, 40]. In this respect, J-
PARC-HI is highly suitable for performing the event-by-event analysis of non-Gaussian
fluctuations and cumulants at the J-PARC energy (

√
s
NN

= 2− 6 GeV).
Current heavy-ion experiments do not measure neutrons but instead evaluate the

cumulants of the proton number as a proxy of the baryon number, resulting in large
uncertainties [40, 46]. The event-by-event measurement of neutrons together with
protons enables direct analysis of baryon number cumulants. At J-PARC-HI, neutron
fluctuations will be measured for the first time.

2.5 Particle correlations

Hanbury-Brown and Twiss (HBT) analysis [47] is used to extract the source size of a
hot and dense medium from the momentum correlation between two identical particles.
The lifetime of the fireball becomes longest at the phase transition [48, 49], which can
be found through HBT analysis. The collision energy dependence of some of the
source size parameters from the SPS to the LHC shows a non-monotonic behavior,
which some believe to be an indication of the QCD critical point [50]. By measuring
the exponent of the HBT correlation functions, one of the critical exponents could be
measured if the critical point is close [51]. We can also search for critical opalescence,
by finding the maximum of the nuclear modification factor per unit length traversed
in the medium [52].

Studies of hyperon-nucleon (Y N) and hyperon-hyperon (Y Y ) interactions can pro-
vide invaluable information essential for understanding the EoS of dense matter and
the interiors of neutron stars. Recently, HBT analysis in heavy-ion collisions was found
to be a powerful tool for studying Y N and Y Y interactions because the tool can in
principle be used to study any type of particle pair. The left plot of Fig. 15 shows the
ΛΛ correlation function measured by STAR [53]. The measured correlation function
is compared to a theoretical model including a ΛΛ potential, from which the scat-
tering length and the effective range characterizing the ΛΛ interaction are derived.
The extracted parameters are compared to other experimental results in the right plot
of Fig. 15. It is interesting that an approach that completely differs from the decay
kinematics of a hypernucleus (“NAGARA events”) results in similar parameter values.
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Figure 15: Left: The combined ΛΛ and Λ̄Λ̄ correlation function measured by STAR
(filled circles), where Q is the invariant relative 4-momentum. [53]. Solid and dashed
lines correspond to fits using an analytical model. The dotted line corresponds to
quantum statistics. See details in Ref. [53]. Right: A plot between the inverse of the
scattering length (fm−1) and the effective range (fm) for ΛΛ by STAR (filled circle),
compared to other experimental results for various baryon-baryon pairs [53].

At J-PARC-HI, we will not only improve the statistics of ΛΛ interaction but will
also be able to measure other rarer pairs such as ΞN and ΩN . The feasibility of
conducting such measurements at J-PARC-HI will be investigated in near future.

2.6 Collective flow

Collective flow is another basic observable in relativistic heavy-ion collisions. The
collective flow carries a wide range of information on the dynamical evolution of the
hot medium created by heavy-ion collisions. In particular, the collective flow is tightly
related to the EoS in the early stage because the pressure gradient of the medium is one
of the sources of the flow. Precise measurements of the flow would therefore provide
us with insights into the EoS of the hot and dense medium, which would in turn be
directly related to the phase transition and to the physics of neutron stars and neutron
star mergers.

The azimuthal distribution of the collective flow is characterized by the Fourier
coefficients of particle numbers dN(φ)/dφ as

dN(φ)

dφ
= 1 +

∞∑
n=1

2vn cos(nφ), (2)

where φ is the azimuthal angle with respect to the reaction plane. The first two
components representing anisotropy, v1 and v2, are called the directed and elliptic
flows, respectively.

At the mid-rapidity y = ycm in the center-of-mass frame, v1 vanishes owing sym-
metry. This quantity, however, can become nonzero at y 6= ycm. The slope of v1 as a
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function of y, F = dv1
dy

∣∣∣∣
y=ycm

, is a quantity that is widely used to characterize the mag-

nitude of the directed flow. Interestingly, the F of the net-proton number measured by
STAR [54] has sign changes at

√
s
NN
' 10 and 30 GeV in

√
s
NN

. The relation between
negative F and the first-order phase transition has been widely discussed [55, 56, 57].
It is also known that the elliptic flow v2 changes sign at

√
s
NN
' 5 GeV [58].

For high energy collisions, v2 for various particle species is known to obey “quark-
number scaling” [59], which is one of the most lucid signals for the formation of the
QGP in heavy-ion collisions. Therefore, at J-PARC we would be able to study the
energy dependence of quark-number scaling and find the critical energy for the onset
of the QGP, where the scaling is violated. The energy dependence of the elliptic flow
has been measured by STAR at 7.7 <

√
s
NN
< 200 GeV [60]. Although the violation of

quark number scaling in the strange and anti-particle sectors is indicated in this study,
many more statistics will be required to see a clear violation.

Figure 16: Beam energy dependence of the directed (left), and the elliptic flow (right)
of protons, based on a model analysis for various incompressibilities K [61].

Experimental results on directed and elliptic flows can be used to constrain the in-
compressibility K = 9dp/dρ, which is a crucial parameter of the EoS of dense nuclear
matter [61]. The model calculation performed in this study indicated that both the
directed and elliptic flows become stronger with larger K as shown in Fig. 16. This
monotonic dependence makes it possible to constrain the value of K from flow observ-
ables [61]. The precise measurements of the directed and elliptic flows at J-PARC will
enable us to proceed further with this type of analysis of the EoS.

It is believed that a very strong magnetic field is created during non-central heavy-
ion collisions via two large positively charged ions passing through each other. In
non-central heavy-ion collisions at J-PARC, the maximum magnetic field (B) reaches
0.04m2

π, or 4 × 1016 G, where mπ is the pion mass [62]. This magnetic field exceeds
that of neutron stars of 1010 − 1013 G, and that of a magnetar of 1015 G [63].
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In such a strong magnetic field, parity-violating domains could possibly be formed
in systems with chiral symmetry restoration such as the quark-gluon plasma [64, 65].
Experimentally, electric-charge dependence and/or separation of azimuthal anisotropic
flow and correlation with respect to the reaction plane has been observed in heavy-ion
collisions [66, 67]. Baryon-charge separation across the reaction plane would also be
expected from the chiral vortical effect caused by hydrodynamic fluid with vorticity and
baryon chemical potential. These effects, i.e. the chiral magnetic effect (CME) [64],
chiral magnetic waves (CMW) [68], and the chiral vortical effect (CVE) [69], are be-
ing studied actively at RHIC [70, 71] and LHC [72] energies. The beam energy and
centrality dependence of these signals is an important tool for investigating the phase
transition to the QGP and to search for the critical point in the QCD phase diagram.

2.7 Charmed hadrons

A charmed quark pair (cc̄) produced in the initial stage of a heavy-ion collision may
be sensitive to the properties of the hot and dense medium in which they propagate.
It is also interesting that the D meson mass can change at higher baryon densities
owing to chiral restoration [73]. As the J-PARC energies are just above the production
energy thresholds, the production cross sections are very small. However, with the
high beam rates of J-PARC, the expected yields of D mesons and J/Ψ per one-month
experimental period are 105− 106 at 20 AGeV/c (See Fig. 29). We could measure J/Ψ
decays into dileptons, and off-vertex hadronic decays and semileptonic decays of D
mesons which requires vertex trackers with high-position resolution of several ten µm.

2.8 Hypernuclei

A hypernucleus is a nucleus that contains hyperons ite.g. Λ, Σ, and Ξ. Hypernuclei may
be an important constituent of neutron stars and could provide information on hyperon-
nucleon and hyperon-hyperon interactions. In addition, weak decays of hypernuclei,
for instance Λ + N → N + N , could be used to study weak interactions in hadronic
many-body systems, which may be different from those in free space.

In the past, hypernuclei have been studied mainly with meson (π and K) [74]
or electron beams [75]. However, heavy-ion beams have advantages in terms of hy-
pernuclear production. The goals of hypernuclear research in heavy-ion collisions are
summarized as follows.

• Discovery of new hypernuclei and extension of the hypernuclear chart, particu-
larly for |S| ≥ 3, proton-rich, and neutron rich hypernuclei

• Study of mesonic and non-mesonic weak decays at beam rapidity

• Measurement of the magnetic moment

Recently, the HypHI collaboration at GSI reported hypernuclear production in
Li induced reactions [76]. In meson or electron-induced reactions, hypernuclei with
S = −1 or −2 are mainly produced. As these reactions produce hypernuclei from
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the target nucleus, most of the hypernuclei produced in the target rapidity region are
similar to the target nucleus.

In contrast, hypernuclei in heavy-ion collisions are produced in the mid-rapidity,
target, and beam rapidity regions. In the mid-rapidity region, a few nucleons and
hyperons generally coalesce to form a small hypernucleus. As described in Section 3,
the yields of hypernuclei in the mid-rapidity region become maximum at around the
J-PARC energy. In the target and beam rapidity regions, fragments are embedded
with hyperons produced in nucleon-nucleon collisions to form relatively large hypernu-
clei. Therefore, in heavy-ion collisions, a variety of hypernuclei may be produced at
a different sizes, with S = −1,−2,−3, ... and with different proton/neutron constitu-
tions. Hypernuclei with |S| ≥ 3 as well as proton and neutron-rich hypernuclei are of
particular interest.

In contrast, the presence of background particles makes identification of hypernuclei
in heavy-ion collisions more difficult than in meson or electron-induced productions.
For mesonic production, the missing mass technique can be used to cleanly reconstruct
the hypernucleus mass. For instance, in a (K−, π−) reaction the missing mass calcu-
lated with the 4-momenta of π− and K− corresponds to the produced hypernuclear
mass. However, this method cannot be applied to heavy-ion collisions owing to the
presence of many background particles, and therefore, weakly decayed particles from a
hypernucleus must be reconstructed. The weak decay into π− and a nucleus (mesonic
decay) is commonly used to identify a hypernucleus in heavy-ion collisions [76].

Hypernuclei produced in the beam rapidity region has a momentum close to that
of the projectile nucleus. Thus, it flies for a few meters before weak decay owing to a
longer lifetime, which is useful for studying weak decays and the magnetic moment. In
meson-induced production, the hypernucleus has a small momentum and decays near
its production point.

Despite its importance, the hypernuclear magnetic moment has never been mea-
sured. The magnetic moment of a hypernucleus is sensitive to its internal hyperon wave
functions, its spin and angular momentum structure, and spin-dependent hyperon-
nucleon interactions.

In Appendix A, we show a detailed design of a hypernuclear spectrometer for mea-
suring weak decays and magnetic moments at the beam rapidity.

3 Extension of hadron and nuclear physics at J-

PARC towards high density

At J-PARC, many types of hadron and nuclear experiments (J-PARC hadron exper-
iments) have been performed or are planned. Experimental and theoretical research
related to these is a very active pursuit in Japan and includes hypernuclear stud-
ies, search for exotic hadrons, and a dilepton study on chiral symmetry restoration.
J-PARC hadron experiments in meson and primary proton-induced reactions have a
strong relation to the mission of J-PARC-HI, as they aim to study hadron and nuclear
properties at baryon densit equal to or less than the normal nuclear density, whereas
J-PARC-HI will study them at higher baryon density.
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Figure 17: Schematic showing correspondence between hadron nuclear physics using
hadron beams and that using heavy-ion beams at J-PARC.

Figure 17 shows the relations between the physics observables that can be measured
by the J-PARC and the J-PARC-HI hadron nuclear experiments.

While the lightest Kaonic-nucleus, the K−pp bound state [77, 78, 79], was studied in
J-PARC hadron experiments, larger Kaonic systems of Λ∗ matter [80] or light strange
quark matter (strangelets) will be searched for at J-PARC-HI.

Hypernuclei with S = −1 or −2 [74] are measured or searched for in J-PARC
hadron experiments; these will also be measured at J-PARC-HI in addition to |S| ≥
3 hypernuclei (see Section 2.8). Hyperon-nucleon (Y N) and hyperon-hyperon (Y Y )
interactions from hypernuclei can be studied at the normal nuclear density. At J-
PARC-HI, we will be able to study various Y N and Y Y interactions (Y = Λ, Ξ,
and Ω) at potentially higher baryon densities using two-particle correlation analysis as
described in Section 2.5.

Studies of kaonic-nuclei, strange quark matter, and hypernuclei at J-PARC-HI could
directly relate to the properties of neutron star cores. In addition, we could study the
EoS at high densities using collective flow (See Section 2.6).

Exotic particles such as Λ(1405) [81], pentaquarks [82, 83], and H-dibaryon [84] are
searched for or measured in J-PARC hadron experiments; in addition to these, we can
also search for other exotic particles at J-PARC-HI, with the possibility of clarifying
their internal structures via production yields (see below). Other exotic particles that
could possibly be measured at J-PARC-HI include dibaryons of ∆∆ [85], ΞN , and
ΩN [86], in addition to other pentaquarks.

Dileptons in p+A collisions will be measured in J-PARC E16 experiment [87], while
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dileptons in A+A collisions would be measured at J-PARC-HI, in order to study chiral
restoration at normal nuclear density and higher baryon densities, respectively.

Taking advantage of its high collision rate will enable J-PARC-HI to become a
powerful experimental facility for studying rarely produced particles such as hyperons,
exotic hadrons, kaonic nuclei, and even strangelets [88], and another advantage of the
J-PARC energy is its large yields of some of these rare particles.

In Fig. 18, the yields of hypernuclei at the mid-rapidity calculated in a thermal
model are plotted [89]. The yields of various hypernuclei, some of which have not yet
been observed, have a maximum at around the J-PARC energy.

Figure 18: Hypernuclear yields at the mid-rapidity of 3
ΛH, 5

ΛΛH, 6
ΛΛHe, and 7

ΛΛΞHe
calculated by a thermal model as functions of

√
sNN (GeV) [89].

The lightest |S| ≥ 3 hypernucleus is believed to be 7
ΛΛΞHe with S = −4, while the

lightest S = −3 hypernucleus is believed to be 14
ΛΛΛC because the third Λ is on the

p-shell, which is only bound in a nucleus with A ≥ 11 [90]. Recently, a resonance state
of a tetra neutron (nnnn) was observed [91], and the possibility of neutral hypernuclei
has also been discussed [92, 93]. These could be observed in J-PARC-HI.

A strangelet is a hypothetical stable or meta-stable (with a weak-decay lifetime)
particle comprising almost equal numbers of u, d, and s quarks that was proposed
many years ago [94, 95]. Such “strange quark matter” in a macroscopic extension of
strangelets could exist inside neutron stars. Many experimental searches have been
performed in cosmic rays [96], in terrestrial materials [97], and in heavy-ion experi-
ments [98, 99, 100]. However, no strangelet has been discovered, and the existence of
such a particle remains controversial. At J-PARC-HI, we could search for strangelets
using the best sensitivities of past heavy-ion experiments.

Kaonic nuclei made of a few nucleons and one or two K−’s are predicted to be
strongly bound [102, 103, 104]. Their yields calculated with a thermal model [101] are
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Figure 19: The yields of various kaonic nucleus as a function of
√
s
NN

(GeV) [101].

shown in Fig. 19, which shows that J-PARC-HI could cover the peak energies of both
K− nucleus and K−K− nucleus.

In addition to the observation of exotic particles and nuclei, the study of their prop-
erties is an intriguing but challenging prospect. One of the most important challenges
in hadron physics is the clarification of the internal constitution of exotic hadrons such
as Λ(1405), which could be either a K̄N molecular state, or a pentaquark state. As
the production mechanism of an exotic hadron depends on its internal structure, for
example on whether it is in a widely spread hadron molecular-like state or a com-
pact multi-quark state, it would be possible to experimentally determine the internal
structure from the production yields. Figure 20 shows ratios of exotic hadron yields
assuming various constitutions based on a coalescence model to those of a statistical
model at RHIC or LHC energies [105, 106, 107]. The figure shows that the yields
of exotic hadrons change drastically depending on their structure, i .e. as a hadron
molecular, normal hadron, or exotic quark state.

4 Heavy-ion acceleration scheme at J-PARC

4.1 Accelerator design overview

We designed a feasible acceleration scheme for high intensity heavy-ion beams at J-
PARC along with the existing proton acceleration scheme as shown in Fig. 2. In order
to achieve the required world record of high beam intensity at more than 10 AGeV
(GeV/nucleon) for a U92+ beam, we aim to utilize the high performance 3-GeV RCS as
well as the 50-GeV MR, approaching to the designed beam power for operation [108,
109, 110]. The numerical parameters depicted in the figure correspond to a particular
heavy ion species of U92+. Another goal is to accelerate other ion species as interested
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Figure 20: Ratios of yields of exotic hadrons calculated with a coalescence model
assuming different constitutions to those of the statistical model. [105, 106, 107]

from the experimental point of view. The existing accelerator facility comprising a
400 MeV H− linac, the 3-GeV RCS, and the 50-GeV MR (operated at 30 GeV at
present).

The RCS simultaneously delivers a 3 GeV proton beam to the MLF and to the
MR. The MR operates for either Fast Extraction (FX) for the Neutrino Experimental
Facility (NU) or Slow Extraction (SX) for the Hadron Experimental Facility (HD). The
MR cycles for FX and SX operation are currently 2.48 s and 5.52 s, respectively, but
the cycles will be shortened at least by 1 s from the present values in near future.

The largest advantage of using the RCS and the MR for the heavy-ion acceleration
is that we have already understood and optimized performance of each machine for the
designed or nearly the designed beam power. The RCS has been already successfully
demonstrated an extraction of 1 MW equivalent beam power (8.33×1013/cycle). In the
MR, the FX beam and the SX beam power has been reached 400 kW (2×1014/cycle)
and 50 kW (0.6×1014/cycle), respectively. Those values are already more than a half
and just a half from the designed beam power for the FX and SX operation, respectively.
It thus enables us for realistic discussions on beam dynamics issues and measures to
aim at the world’s most intensive heavy-ion beams. On the other hand, the uses of
existing buildings and devices make very much reduction of the construction cost. The
primary goal is to achieve a more than 1011 U92+ ions per MR cycle. Table 1 shows
a summary of key parameters and required accelerator performance for the heavy-ion
physics program by using U92+ beam.
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Table 1: Key parameters and accelerator performance for the U92+ beam. The numbers
in the parentheses are by considering the designed MR extraction energy of 50 GeV
for proton.

Parameter Value

Beam energy 0.727− 11.2(20) AGeV√
s
NN

1.9− 4.9(6.2) AGeV
Beam rate 4× 1011 (/ MR cycle)
MR cycle ∼ 4.5 s
Average beam rate 1× 1011 (Hz)
Extraction scheme Slow extraction

4.2 A heavy-ion linac and a booster ring

The present strategy to accommodate a heavy-ion accelerator scheme in J-PARC is by
utilizing the existing RCS and the MR without any major modification or upgrade. In
order to realize such a condition, we have studied several options for the acceleration
design. The best solution so far requires a higher charge state and a higher injection
energy as well for the RCS as explained later. The higher injection energy is also useful
to achieve a higher extraction energy in order to achieve the maximum yield for the
highest charge stage at the final stripping for injecting into the MR.

We propose to newly construct a heavy-ion linac as well as a compact heavy-ion
booster ring to connect to the RCS as a heavy-ion injector. We will also have a
new ion source dedicated for a high intensity heavy-ion beam of many ion species.
Figure 21 shows a design for the heavy-ion linac and the booster ring, both of which
can be accommodated in one building of an area only about 3600 m2. As for the ion
source, a super-conducing ECR (Electron Cyclotron Resonance) is a candidate aiming
to produce nearly 10 pµA of U35+ beam. The linac has to be designed for acceleration
up to 20 AMeV before multi-turn injection into the heavy-ion booster.

The booster plays an important role to achieve the required high intensity heavy-
ion beam. It has a four-fold symmetric lattice with the circumference of about 160 m.
In contrast to the conventional very limited multi-turn injection scheme of a heavy ion
with the same charge state, a charge exchange and practically an unlimited multi-turn
injection scheme are under study. It can thus make a flexible condition for the ion
source concerning the beam current. The key features of the newly designed heavy-ion
booster includes capability of multi-charge states acceleration, a variety of ion species,
a variable extraction energy as well as variable extracted beam parameters for suitable
beam injection in the RCS. The beam will be accelerated up to nearly 70 AMeV for a
U beam.

The merit of having the heavy-ion booster is to reduce the size of the heavy-ion
linac in order to achieve a rather high energy of about 70 AMeV for injection into the
RCS. The higher energy is required in order to achieve a higher charge state for the
RCS injection because of an inadequate vacuum pressure level for lower charge state
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Figure 21: A preliminary design of the heavy-ion linac and the booster ring.

injection. The RCS vacuum pressure level is around 10−8 Torr, which is good enough
for a proton but limits the lower charge state injection for a heavy-ion in order to avoid
any gas stripping in the RCS.

4.3 Heavy-ion acceleration scheme in the RCS and the MR

The RCS plays a key role to satisfy the proposed plan to add a heavy-ion scheme in
J-PARC. The RCS has to maintain simultaneous operation with a proton and a heavy
ion for the MLF and the MR, respectively, when the MR is operated for the heavy-ion
program. Figure 22 shows a layout of the RCS where a heavy-ion injection system
is considered to be added at the end of the extraction straight section. However, the
heavy-ion injection energy in the RCS has to match the bottom of the magnetic-field
cycle pattern determined for the existing 400 MeV H−case. The main parameters of
the RCS, such as magnetic field patterns of the bending and quadruple magnets, can
not be changed from those fixed for the proton beam. If we consider a heavy-ion beam
of U86+, the injection energy is calculated to be 61.8 AMeV. The injected U86+ will
follow the sinusoidal magnetic-field pattern to be accelerated up to 735.4 AMeV.

We consider only one-turn injection from the the booster, which makes a simple
injection scheme in order to accommodate within the limited space. The MR however
does not require any additional major element except a charge exchange device in the
beam transport of the RCS to the MR (3-50BT) for full stripping of the heavy-ion
beam before injection into the MR.

Figure 23 shows a RCS beam delivery cycle when the MR operates for the HD
experiments (5.52 s cycle). The RCS always accelerates a proton (blue) for MLF
users, while either a proton or a heavy ion (red) can be injected in the RCS for the 4
designated MR cycles. Unless otherwise the MR operates with a heavy ion, the RCS
as well as the whole accelerator complex runs for a proton as of now. As a result,
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Figure 22: A layout of the J-PARC 3-GeV RCS. The heavy-ion injection system can
be added at the end of the extraction straight section.

the upgrade for a heavy-ion beam should not have any conflict with the existing and
planned programs that make use of proton beams in J-PARC. The RCS thus should
be able to demonstrate acceleration of both a proton and a heavy ion simultaneously.

4.4 Simulation in the RCS

We have performed detailed space charge simulation to demonstrate RCS potential to
achieve the required high intensity heavy-ion beam. We used ORBIT code [111] as a
simulation tool, which is recently upgraded successfully for realistic beam simulation
with space charge including impedance in synchrotrons [112]. Here we present simu-
lation results for U86+ acceleration in the RCS. The space charge limit of U86+ beam
intensity in the RCS can be analytically obtained by calculating the space charge de-
tuning at the injection energy, generally known as the Laslett tune shift (∆Q) [113]
and comparing the value with the designed 1 MW proton beam (4.17 × 1013 parti-
cles/bunch). The ∆Q dependence on the beam energy, the ion mass, and the charge
state is expressed as following,

∆Q ∝ −
(
q2

A

)
1

β2γ3
(3)

The lower the beam energy, the higher the value of ∆Q because of lower relativistic
parameters of β and γ and for the heavy ion we have additionally the first term with
the ion charge q and the mass number A. The ∆Q at injection for U86+ thus gives a
value of more than 300 times larger than that for the proton at the designed 1 MW
(4.17×1013 particles/bunch). As a result, the bottom line of U86+ beam intensity in the
RCS can be estimated to be no less than 1.1 × 1011 ions per bunch, which is already
one order of magnitude higher than any existing and under construction heavy-ion
accelerators in the world.

36



Figure 23: The RCS beam delivery pattern to the MLF and the MR when the MR
operates for HD experiments (5.52 s cycle). With adding the heavy-ion scheme in the
RCS, either a proton (blue) or a heavy ion (red) can be accelerated in the RCS for the
MR cycle depending on MR operation.

As in the practical situation, the bending, quadruple, and sextupole magnet param-
eters are kept same as optimized for 1 MW proton beam acceleration. The ramping
energy, betatron tunes and the degree of the chromaticity correction are then auto-
matically determined and unchangeable. The injection energy of U86+ ion matching
the bending magnetic field at the bottom is set to be 0.0618 AGeV, which can be
accelerated up to 0.735 AGeV. The horizontal and vertical betatron tunes at injection
are set to be 6.45 and 6.42, respectively. Figure 24 (top) shows typical RF voltage pat-
terns for U86+, which are found to be similar to those for a proton and can be changed
between cycles. However, the RF system has to be made capable of changing the RF
resonant frequency between cycles and/or independent compensation with the beam in
each cycle. Similar to a proton, the second harmonic RF voltage is also applied for the
present case in order to reduce the space charge effect at a lower energy. The sinusoidal
B-field and the corresponding successful acceleration of a single particle U86+ ion up
to the expected 0.735 AGeV is shown in the bottom plot of Fig. 24.

As detail parameters of the heavy-ion booster are not fixed yet, the transverse and
longitudinal beam distributions for RCS injection are considered to be similar to those
for protons obtained at the end of injection painting. Figure 25 shows normalized trans-
verse phase space distributions at injection and extraction energies for both horizontal
and vertical planes. The emittance at injection was set to be 100 π mm mrad, where
more than 99.9% of particles at the extraction energy are obtained to be within the
collimator aperture (54π mm mrad) at 3-50 BT. Due to relatively smaller aperture and
limited capacity of the 3-50 BT collimator, it is very important to have the extracted
beam with less halo. Figure 26 shows longitudinal beam distributions along with RF
buckets. In order to reduce space charge effect at a lower energy, injected beam is
considered to cover nearly 80% of the RF bucket, similar to a proton as obtained at
the end longitudinal painting during multi-turn injection.

Figure 27 shows the beam survival studied for 3 different intensities. A more than
99.95% beam survival can be obtained even for injecting 1.1 × 1011 U86+ ions in the
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Figure 24: (Top) Typical RF voltage patterns for acceleration of a proton (black lines)
and a U86+ (red lines) in the RCS are found to be almost similar to each other. (Bottom)
The B-field and the corresponding acceleration of U86+ as a function of time are shown
with respect to the left and right vertical axes.

RCS. Different from the multi-turn H− charge-exchange injection, there is no stripper
foil and beam interaction for the proposed heavy-ion acceleration scheme in the RCS.
This results in only a negligible beam losses caused by the space charge effect. As for
the 1 MW proton beam, the space charge effect has already been successfully optimized
in order to make sure that the remaining beam losses are almost due to the foil-beam
interaction during multi-turn injection. The lower the beam intensity, the lower the
space charge effect and hence there is practically no beam losses for 2.0 × 1010 U86+

ions injection.
The extracted 1.1×1011 U86+ ions of 0.735 AGeV from the RCS will be fully stripped

to U92+ in the 3-50BT before injecting into the MR. A total of 4 RCS cycles can be
injected in one MR cycle (See Fig. 23). By considering a typical stripping efficiency of
80%, a total of nearly 4× 1011 U92+ ions in principle can be obtained in the MR.

4.5 Expected beam rate in the MR

Similar to the RCS, the space charge limit of the U92+ beam intensity in the MR can
also be estimated by using Eq. 3. The Laslett value of Q for the U92+ at 0.727 AGeV
injection energy becomes nearly 600 times as high as that for a proton at 3 GeV
injection. Here we may consider the designed proton beam intensity in the MR, which
is about 3.4 × 1014 protons/cycle. That gives 750 kW beam power at the designed
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Figure 25: Normalized transverse phase space (black) of a single turn injected U86+

beam and the accelerated one at the top energy (red). More than 99.9% of particles at
extraction are obtained to be within the 3-50BT collimator aperture as shown as the
green circle.
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Figure 26: Longitudinal distributions of the U86+ beam at injection (black) and ex-
traction energies (red).

50 GeV extraction energy with a repetition rate (cycle) of 3.6 s. It is worth mentioning
that the MR extraction energy is 30 GeV at present, while repetition cycles for the
fast and slow extractions are 2.48 s and 5.52 s, respectively. The repetition cycles will
be reduced by 1 s for both extractions with upgrade of MR magnet power supplies
which will be done before construction of J-PARC-HI. One should scale the designed
beam power by these two parameters when discussing for the beam power. The beam
intensity of 3.4×1014 protons/pulse scaled by the Q factor gives an expected U92+ beam
intensity of about 5 × 1011/cycle. It can be thus roughly said that a beam intensity
of 4 × 1011 delivered by the RCS can be successfully accelerated in the MR and this
number of beam rate already satisfies the required beam intensity as shown in Table 1.
However, detailed numerical simulations with space charge including beam instabilities
have to be carried out for further realistic discussions on heavy-ion acceleration in the
MR.
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Figure 27: The beam survival probability as a function of acceleration time for 3
different intensities of U86+ ions. The injection of even 1.1 × 1011 ions gives a more
than 99.95% beam survival.

5 Comparison of J-PARC-HI with heavy-ion projects

in the world

In this section, we compare J-PARC-HI with other heavy-ion projects in the world
which explore physics of dense matter in the energy range of

√
s
NN

= 2− 10 GeV.
In the past, there were fixed target experiments of heavy-ion collisions at the AGS

at
√
s
NN

= 2 − 5 GeV. However, the data-acquisition rate was limited to of the order
of one hundred, Only basic properties of hadrons were studied. Neither dilepton nor
event-by-event fluctuations was measured.

Figure 28 shows heavy-ion interaction rates as a function of
√
s
NN

for heavy-ion
projects in the world [114]. It includes the CBM (Compressed Baryonic Matter) ex-
periment with the SIS-100 synchrotron of FAIR [7] project at GSI, collider and fixed
target experiments at NICA [9] in Dubna, Russia, NA61/SHINE experiment [115] at
the SPS at CERN, and BES (Beam Energy Scan) II program [6] at RHIC at BNL.
Table 2 summarizes the parameters of these projects.

Fixed target experiments (J-PARC-HI, SIS-100, and NA61/SHINE) have much
higher interaction rates than the collider experiments (RHIC BES and NICA collider).
RHIC BES covers a high energy range of

√
s
NN

= 7.7 − 200 GeV. The first phase of
the BES program (BES-I) ended in 2011, and the second phase (BES-II) is planned
to start in 2019 with higher luminosity. Among these projects, the interaction rates
of J-PARC-HI and the CBM are the highest. The interaction rate of the CBM will be
around 5× 106 Hz, with the average beam rate of 5× 109 Hz.

J-PARC-HI aims at the world’s highest interaction rate of 108 Hz, assuming the
designed beam rate of 1011 Hz and a 0.1% interaction target, which surpasses the
CBM by an order of magnitude. Note that this interaction rate does not consider
experimental limitation, which should be investigated further.

The
√
s
NN

range at J-PARC-HI (2−6.2 GeV) is also wider than SIS-100 (2−5 GeV)
at the highest energies, which is advantageous to search for phase structures. The CBM
is scheduled to start in 2022, while J-PARC-HI aims to start earliest in 2025.
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Figure 28: Interaction rates (Hz) as a function of
√
s
NN

(GeV) for heavy-ion programs
in the world around the J-PARC energy range. [114]

Comparing experimental setups between the J-PARC Heavy-Ion Toroidal Spec-
trometer (JHITS) and the CBM spectrometer at SIS-100, the advantage of JHITS is
the larger backward acceptance (θ < 100◦) than that of the CBM (θ < 25◦). Es-
pecially, it is advantageous for measurements of particles at low beam energies (less
than 8 AGeV), event-by-event fluctuations, and target fragments. Another advantage
of JHITS is simultaneous measurements of electrons and muons. In the CBM, both
electrons and muons cannot be measured at the same time, since the detector configu-
ration must be changed for electron measurements and muon measurements. The setup
of JHITS can save beam time, and also some interesting studies with electron-muon
correlations such as DD production may be possible. JHITS will also measures neu-
trons in addition to protons, which will improve the sensitivity to the baryon number
fluctuations and the event selection with the baryon number.

At higher energies of
√
s
NN

>= 200 GeV, the heavy-ion colliders of RHIC and the
LHC have studied QGP properties at high temperature and low baryon density in
detail. At energies below a few AGeV/c, there are many heavy-ion facilities to study
unstable nuclei to extend the nuclear chart for heaviest, neutron-rich, and proton-rich
nuclei. Examples of accelerators with high intensity beams are the RIBF (RI Beam
Factory) in Japan, the FRIB (Facility for Rare Isotope Beams) in USA, and the RISP
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Table 2: Comparison of heavy-ion accelerators in the world. In the fifth column,
luminosity is shown for collider experiments, and beam rates are shown for fixed target
experiments.

Project
Collider or
fixed target

Beam
energy

(AGeV)

√
s
NN

(GeV)

Luminosity
(cm−2s−1) or
Beam rate
(cycle−1)

Interaction
rate(s−1) Period

J-PARC-HI fixed 1− 20 1.9− 6.2 1011 108 2025-
BES-I coll 7.7− 200 1026-1027 101 − 103 2004-2011
BES-II coll 7.7− 200 1026-1027 101 − 103 2019-2020
NA61 fixed 13− 158 5.1− 17.3 106 102 2007-2018
NICA coll 0.6− 4.5 4− 11 1027 102 − 103 2019-
NICA fixed 0.6− 4.5 1.9− 2.4 109 5× 104 2017-

SIS-100 fixed 2− 11 2− 4.7 1.5× 1010 105 − 107 2022-

(Rare Isotope Science Project) in Korea.

6 Multi-purpose heavy-ion spectrometer (JHITS)

6.1 Physics goals and observables

The main goals of the multi-purpose heavy-ion spectrometer are summarized as follows;

1. Search for the QCD critical point by conserved-charge fluctuations

2. Search for the chiral phase transition from dilepton measurements

3. Study the equation of state of dense matter using collective flow and hyperon-
nucleon and hyperon-hyperon correlations

In order to achieve these physics goals, the following observables will be measured in
the spectrometer.

1. We will first measure identified hadrons with high statistics systematically in√
s
NN

= 2−6.2 GeV to measure chemical freezeout temperature and baryon chem-
ical potentials. We will measure strange mesons and baryons in detail to study
the lower side of peak structures of collision energy dependence of K/π and Λ/π
yield ratios [36]. Also, we measure multi-strangeness baryons (Ξ and Ω) to study
chemical equilibrium of strangeness. We search for the critical point by mea-
suring event-by-event fluctuations of net-baryon, net-charge, and net-strangeness
numbers.

2. We measure dileptons to study the chiral symmetry restoration and evaluate
chiral condensate. We measure both dielectrons and dimuons which are com-
plementary in their kinematic coverage. Dielectrons have large background by

42



external photon conversion by target and detector materials and pion Dalitz de-
cays. Dimuons have large background by pion and kaon in-flight weak decays.

3. We measure direct photons from the hadronic phase and the QGP phase, with in-
ternal and external conversion into dileptons, and with real photons by EMCAL.
We can examine if the measured temperature is above the critical temperature
of the phase transition.

4. We will measure exotic hadrons and nuclei such as hypernuclei, pentaquarks,
dibaryons, and kaonic nucleus. We will measure various light hypernuclei, and
search for hypernuclei S = −3 and strangelets.Note that reconstruction of these
exotic hadrons and hypernuclei requires precise secondary vertex resolution.

5. We will measure J/Ψ and D mesons to study their modifications of mass and
yields to see the effect of chiral symmetry restoration. Reconstruction of D
mesons require more precise secondary vertex resolution.

Fig. 29 summarizes expected multiplicity and production rates of particles and
nuclei at J-PARC [7, 89, 116, 117]. At the AGS, only particles/nuclei at the multiplicity
more than 10−2 were measured, down to antiprotons in charged hadrons, and only 3

ΛH
in hypernucleus. Neither dileptons nor charmed mesons were measured. Assuming the
beam rate of 1011 Hz at J-PARC, a target with thickness of 0.1% interaction length,
the interaction rate is 108 Hz. When we select 0.1% most central events, the trigger
rate is 100 kHz. In one month of the experiment, we expected to measure 107 − 109

dielectron decays of ρ, ω, φ, 105 − 106 D and J/Ψ at the beam energy of 20 AGeV,
and 105 − 1010 hypernuclei. We can also search for |S| ≥ 3 hypernuclei, and light
strangelets and might be able to observe some of them, utilizing the expected world’s
highest interaction rate of J-PARC-HI.

6.2 Detector requirements

Performance requirements for the heavy-ion spectrometer are listed as follows.

1. A high rate capability is required to cope with high rate beams. Fast detectors
such as silicon trackers and MPGD (Micro-Pattern Gaseous Detector) trackers
are required. Also, extremely fast readout electronics and a data acquisition
system (DAQ) up to 108 Hz are indispensable. For such a high data rate, a
triggerless DAQ is indispensable as adopted in ALICE and the CBM.

2. High granularity is required for trackers and other detectors in particular at
forward angles, due to high multiplicity of charged particles (around 1000) in
the central heavy-ion collisions at J-PARC. For instance, a pixel size less than
3×3 mm2 is necessary to keep the occupancy less than 10% at 1 m distance from
the target at the polar angle less than 2◦.

3. Large acceptance close to 4π is desired to maximize sensitivity for event-by-event
fluctuations and backward physics in the target fragment region.
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4. Magnetic-field free volume for the RICH (Ring Imaging Cherenkov detector) for
electron identification.

Particle production properties in U+U collisions at the beam energies of 1, 5, and
10 AGeV/c are studied using the JAM model. The rapidity distributions of dN/dy at
these energies are shown in Fig. 30. The charged particle multiplicity is about 1200 at
10 AGeV/c, about 930 at 5 AGeV/c, and about 460 at 1 AGeV/c. Note that no K−

is produced at 1 AGeV/c since it is below the energy threshold. The mid-rapidity is
0.5, 1.2, and 1.5 at 1, 5, and 10 AGeV/c.

Figure 30: dN/dy of all charged particles (labeled “ch”), p, π±, and K± as a function
of rapidity for U+U collisions at 10 AGeV/c (top left), 5 AGeV/c (top right), and
1 AGeV/c (bottom left) simulated by the JAM model.

We studied how much granularity is required for detectors. We calculated how
much pixel size corresponds to the particle occupancy of 10% as a function of the polar
angle and the results are shown in Table 3.

With J-PARC’s extremely high beam rates, detector operation rates become ex-
tremely high, and therefore we should use detectors which have high rate capability.
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Table 3: The pad size corresponding to 10% occupancy in U+U collisions at 1, 5, and
10 AGeV/c at different polar angles at z = 1 m downstream from the target.

Polar angle Pad size at 1 AGeV/c 5 AGeV/c 10 AGeV/c
2◦ (15 mm)2 (5 mm)2 (3 mm)2

4◦ (15 mm)2 (6 mm)2 (4 mm)2

30◦ (25 mm)2 (21 mm)2 (19 mm)2

60◦ (53 mm)2 (47 mm)2 (46 mm)2

90◦ (140 mm)2 (91 mm)2 (91 mm)2

The ion-ion interaction rate RINT assuming a 0.1% interaction length target and 1010 Hz
beam rate is 107 Hz. Using the estimated occupancy O of 10%/16 mm2, the particle
rate at the polar angle of 4◦ at 1 m distance from the target is 63 kHz/mm2.

Typical maximum operation rates for a Silicon strip detector, a GEM tracker and
a MRPC are 60 kHz/mm2, 25 kHz/mm2, and 10 kHz/mm2 [118]. Depending on the
rate capability of each detector and geometry configuration, the pixel size will be
determined.

6.3 Spectrometer design

In order to cover large acceptance both for hadrons and leptons, and to make a
magnetic-field free volume from the target to RICH, we adopt the spectrometer design
based on a toroidal magnet as shown in Figs. 31 and 32 (J-PARC Heavy-Ion Toroidal
Spectrometer (JHITS)). The toroidal magnet consists of twelve-fold symmetric thin
coils. The coil design is based on that of the CLAS12 experiment at JLab [119]. Ex-
cept for the dead area due to coils of ∼ 10%, the acceptance covers the whole azimuthal
angle. Another important advantage of the toroidal magnet spectrometer is the mag-
netic field free area around the target region for RICH. There is no return yoke for the
toroidal magnet, which provides us with the freedom to install detectors at backward
angles.

The external conversion of photons by materials produces electron-positron pairs
with very small opening angles, which is easily rejected without the magnetic field,
where the opening angle is kept as its original value for a long distance. RICH is in-
stalled just after the target and silicon vertex trackers in order to minimize the external
conversion. The short distance of RICH from the target also makes its dimensions small
with a large solid angle coverage.

In the toroidal spectrometer, there are four layers of silicon vertex trackers (SVTs)
of the end-cap type (forward SVT) and the barrel type (barrel SVT), respectively,
around the target, which are followed by a RICH in front of the toroidal coils. After the
toroidal coils, there is a Time-of-Flight counter (TOF) of MRPC (Multi-gap Resistive
Plate Chamber), an electro-magnetic calorimeter (EMCAL) made of PbWO4, and a
muon tracker system (MUT) consisting of steel absorbers and GEM trackers. Also there
are many GEM trackers between each detector. The detector systems are separated
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into a forward section and a barrel section for SVTs, GEM trackers, TOF, EMCAL,
and MUT.

Figure 31: The beam view of the toroidal spectrometer (JHITS; J-PARC Heavy-Ion
Toroidal Spectrometer).

The design of the toroidal magnet is based on the CLAS12 toroidal magnet with
thin superconducting coils [119]. We choose a “L”-like coil shape, and combine 12
of them as shown in Figs. 31 and 32. In this configuration, the fraction of inactive
regions is minimum (less than 10%) and there is a magnetic-field free volume which can
accommodate the half-spherical RICH inside. The calculated magnetic-field (mostly
in the Bφ component) distribution in the x− y cross section is shown in Fig. 33. The
Bφ has φ dependence, which is maximum at the coil center positions, and minimum
at the middle of the adjacent coils. Around the middle z−position of the coils, the Bφ

varies ±20% as shown in the bottom right plot of Fig. 33.
A possible disadvantage of the toroidal configuration is asymmetric acceptance for

positive and negative particles, since particles are deflected in the polar angle direction.
However, the effect is estimated to be small according to GEANT4 detector simulations.
Also, the Bφ field is not uniform in the φ-direction, which requires precise B-field
calculations and measurements.
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Figure 32: The top view of the toroidal spectrometer (JHITS; J-PARC Heavy-Ion
Toroidal Spectrometer).

6.4 Silicon vertex trackers (SVT)

It is extremely important to measure a primary vertex position and secondary ver-
tex positions precisely with the position resolution of several tens µm level, in order
to reconstruct weak decay vertex of strange and charmed hadrons. Also, with high
particle multiplicity of nucleus collisions, very high granularity of the detectors are
required at the positions close to the target. The choice for the silicon vertex tracker
(SVT) is naturally silicon pixel and strip detectors. It is very important for dielectron
measurements to minimize the material budget of the detectors before RICH in order
to suppress external photon conversion. Therefore the material budget of the silicon
detectors must be minimized.

There are two examples of silicon vertex detectors for high-energy heavy-ion ex-
periments in PHENIX and ALICE. The pixel size of the PHENIX vertex detector is
50 µm × 425 µm and the material budget is 1.4% radiation length [120]. A sensor of
256 × 128 pixels with the area of 12.8 mm × 56.7 mm. More advanced silicon pixel
detectors with finer pixels are under development for the ALICE upgrade project with
50 µm thick CMOS pixel sensors with a pixel pitch of about 30 × 30 µm2 [121]. It is
suitable for fine pixels required for J-PARC-HI.

6.5 GEM trackers

We require high-rate capable trackers instead of conventional wire chambers to cope
with extremely high particle rates. For this purpose, we adopt a GEM (Micro-Pattern
Gas Detector) tracker. We will design a GEM tracker based on the GEM tracker for
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Figure 33: B-field magnitudes in the x− y cross sections at the z-positions of 250 mm
(top left), 750 mm (top right), and 1300 mm (bottom left) downstream from the front
edge of the coils. The Bφ (T) as a function of φ (mrad) at the z-position 750 mm
downstream from the front edge of the coil (bottom right).
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J-PARC E16 experiment [87]. The structure of the E16 GEM tracker with three-layer
GEM stack is shown in Fig. 34.

Figure 34: The structure of the E16 GEM tracker [122].

6.6 Ring-imaging Cherenkov counter (RICH)

RICH (Ring-Imaging Cherenkov counter) is the primary device for electron identifica-
tion, and also muon identification at a low momentum, which is not covered by the
muon tracker system. We designed a RICH, based on the concept of double radiators
adopted in the HERMES RICH [123]. We adopted C5F12 at 1 atm with the refractive
index of 1.0020 as gas radiator with the thickness of 0.5 m, and silica aerogel radiator
of 35 mm thickness with the refractive index of 1.030.

We designed a RICH with a spherical mirror with the radius of 1000 mm, arranged
as shown in Fig. 35. The photon detector is on a half spherical surface with the radius
of 500 mm. We assume a low material photon detector such as a GEM detector with
a CsI photo-cathode. The radiator gas vessel is thus in a spherical shape with the
radius of 500− 1000 mm. The aerogel radiator is at the most upstream position, and
radiator gas is filled in the rest volume. The center of the RICH system is positioned at
the 250 mm downstream in z-position with respect to the target position, so that the
reflected ring hits in a backward polar angle on the photon detector. This configuration
is based on HADES RICH [124]. The θ and φ coverage of the RICH is 2◦ < θ < 80◦,
and 0◦ < φ < 360◦, respectively.

The left plot of Fig. 36 shows calculated Cherenkov light cone angles as a function
of particle momentum. Electron to pion separation is done with the C5F12 radiator at
p < 3.1 GeV/c assuming 20 mrad angle separation. Muon to pion separation is done
with the aerogel radiator at p < 1.5 GeV/c assuming 20 mrad angle separation.

The number of photon-electrons is estimated empirically as follows.

Np = N0Z
2L sin θc

2, (4)
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Figure 35: Left : The geometry configuration of the RICH. Right : A simulated event
in the RICH with GEANT4. The incident electron at 3 GeV/c is shown as a red line,
and Cherenkov photons are shown as green lines.

where L is the radiator length (cm), Z is the charge number of the incident particle,
and the Cherenkov angle θc can be calculated as follows.

cos θc =
1

nβ
. (5)

N0 is the photon number per unit length (cm), which can be calculated as follows;

N0 = (370eV−1cm−1)ε∆E, (6)

where efficiency integral in energy ε∆E can be calculated as follows.

ε∆E =

∫
(QTF )dE, (7)

where Q is the quantum efficiency of the photon detector, T is the transmittance of
the radiator, and R is the reflection efficiency of the mirror.

Table 4 summarizes the quantum efficiency of a photo-multiplier as a function of
the photon wavelength, which is included in the simulation of the photon detectors.
From them, we estimate roughly the Q∆E to be 0.5, and T and R to be 1 and 0.9,
respectively, which results in N0 = 167/cm.

The number of photon-electrons as a function of momentum is calculated using the
estimated N0 in the right plot of Fig. 36.

The parameters of RICH are summarized in Table 5. For the aerogel radiator,
threshold momenta for electrons, muons, and pions is 0.0021, 0.43, and 0.57 GeV/c,
respectively. The light cone angle is 0.242 rad and the mean number of photon-electrons
per ring is 34 at β = 1. For the C5F12 radiator, threshold momenta for electrons, muons,
and pions are 0.0081, 1.7, and 2.2 GeV/c, respectively. The light cone angle is 0.063 rad
and the mean number of photon-electrons per ring is 33 at β = 1.
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Table 4: The quantum efficiency included in the simulation of the photon detector.

λ range (nm) quantum efficiency
269− 300 0.15
300− 350 0.22
350− 400 0.25
400− 500 0.23
500− 600 0.10

Table 5: RICH properties, where n is the refractive index, Np is the number of photo-
electrons per ring at β = 1, and pth is the threshold momentum for each particle.

Radiator n length(mm) Np peth (GeV/c) pµth pπth
aerogel 1.030 35 34 0.0021 0.43 0.57
C5F12 1.0020 500 33 0.0081 1.7 2.2
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Figure 36: Left : Calculations of Cherenkov angles (rad) as a function of the momentum
(GeV/c) for e± (green), µ± (red) and π± (blue) in silica aerogel radiator with the
refractive index of 1.030 (dashed lines), and in C5F12 gas radiator with the refractive
index of 1.0020 (solid lines). Right : Calculations of the number of photo-electrons per
ring as a function of the momentum (GeV/c) for e± (red), µ± (green) and π± (blue).
The solid curves are with the C5F12 radiator of 500 mm length, and the dashed curves
are with the aerogel radiator with the radiator thickness of 35 mm.
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6.7 Time-of-flight counters (TOF)

We require a Time-of-Flight counter (TOF) with the timing resolution better than
50 ps for good π −K separation. Also, to separate muons from pions at momentum
lower than 0.8 GeV/c, we require 30 ps resolution. Recently, a Multi-gap Resistive
Plate Chamber (MRPC) has been developed as a TOF with very high resolution of
20 ps level [125]. The structure of the MRPC for the PHENIX TOF is shown in Fig. 37.
We are developing a MRPC-TOF based on a small prototype, whose timing resolution
of around 40 ps has been already achieved. We are going to test MRPC-TOF’s in
the J-PARC E16 experiment at the location shown in Fig. 38, and also aim to study
hadron production such as φ→ K+K−.

Figure 37: The structure of the MRPC for PHENIX TOF [126].

6.8 Electro-magnetic calorimeter (EMCAL)

The electro-magnetic calorimeter (EMCAL) is the primary device for measuring pho-
tons. The photons we observe will mainly come from decay of π0’s and η’s, in addition
to the direct photons from hadron-gas and QGP phase. If we assume the incident
energy to be 10 GeV/c, the maximum energy of photons in the calorimeter will be no
larger than 10 GeV.

The multiplicity of pions (π0) in minimum bias U+U collisions at Elab = 10 AGeV
goes up to ∼ 230 over the rapidity from y = −0.5 to −3.5 according to JAM simulation,
implying that the detector will see ∼ 460 photons at maximum. In addition to this,
we have to detect π0’s down to pT = 200 MeV/c. If we apply the energy asymmetry
cut α < 0.8, where α = |E1 −E2|/(E1 +E2), the minimum photon energy that has to
be detected will be 20 MeV in pT or ∼ 60 MeV in p. Therefore, the calorimeter has to
fulfill the following requirements.
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Figure 38: The location of MRPC-TOF’s in J-PARC E16 experiment (shown as two
green rectangles).

• Accommodate the photons of ∼ 500, meaning that the Moliere radius has to be
very small.

• Detect photons with energies as low as 50 MeV, meaning that the calorimeter
should have minimum dead layer at the entrance.

Taking these requirements into account, we choose PbWO4 as a medium of the calorime-
ter. The PbWO4 has a very high density (ρ ' 8.3 g/cm3), a short radiation length
(X0 = 0.9 cm), and a small Moliere radius (RM ' 2 cm), and also can be made ho-
mogeneous. The thickness of the medium can be determined based on the calculation
of longitudinal shower development. The thickness of 25X0 will contain most of the
shower energies. However, since we employ homogeneous calorimeter, we can measure
the energy of photons very precisely by measuring the 90 % of their energy, which cor-
responds to 15X0 (14 cm) for 10 GeV photons, The best energy resolution from the
statistical term only will be σE/E = 2.4/

√
E (%). Since the leakage in the longitudinal

direction affects the resolution quite a bit, we propose to install the calorimeter with
the thickness of 18X0, or 16 cm. This corresponds to 0.8λint.

6.9 Neutron and anti-neutron detector

The primary purpose of installing neutron and anti-neutron detectors is to measure
baryon number fluctuations in heavy-ion collisions that are considered to be a sensitive
probe to the critical point. The momentum of (anti-) neutrons of interest is as low as
300 MeV/c (mean momentum at the J-PARC energy is expected to be ∼ 100 MeV/c
in pT). Incorporating measurements of neutrons and anti-neutrons in the same detec-
tor needs devising. The neutrons with the energy can only be detected through their
hadronic showers in the material of large interaction length with some kind of timing
measurement, since they can not deposit energy through Coulomb scattering. The
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anti-neutrons will produce some hadronic showers, but the process of annihilation with
neutrons in detecting materials contributes significantly. The annihilation process pro-
duces two γ’s that can be detected electromagnetically with a photon detection device
like a calorimeter.

EMCAL will have 0.8 λint. Therefore, we can make use of EMCAL as a detector of
(anti-) neutrons, albeit some inefficiency due to the short interaction length. We might
need to increase the thickness of EMCAL by a factor of ∼1.5 in order to let neutrons
produce showers. We will place a charged veto detector in front of EMCAL so that
the charged particles are tagged and removed from (anti-) neutron samples.

Table 6 shows the response of the detector to be used for (anti-) neutron detection.
From this table, by using timing and shower shape information from EMCAL and the

Table 6: Response matrix of particles to the detectors that will be used for (anti-)
neutron identification.

Particles EMCAL shower shape EMCAL timing Veto counter
γ electromagnetic (EM) very fast OFF

π+/− hadronic + MIP-like eloss fast ON
K+/− hadronic + MIP-like eloss fast ON
p hadronic + MIP-like eloss slow ON
p hadronic+ MIP-like eloss + EM slow ON
n hadronic slow OFF
n hadronic+EM slow OFF

signal from the charged veto counter, one can identify (anti-) neutrons. Note that for
the fluctuation measurement purpose, the momentum of the (anti-) neutrons does not
need to be precise as long as that we can identify the (anti-) neutrons much higher
than their mean momentum, which is 1 GeV/c in the total momentum (p) in our case.
It is not very difficult to separate p, p, n, n from γ samples by timing information at
the momentum of 1 GeV/c.

6.10 Muon tracker system (MUT)

The purpose of the muon tracker system (MUT) is to distinguish muons from charged
pions by absorbing pions and detecting muons passing through hadron absorbers. We
design the system as the combination of iron absorbers and trackers, which is commonly
used configuration.

We require the π rejection power, which is defined as the probability that π’s are
misidentified as µ’s, to be less than the µ/π yield ratio at the entrance of MUT.
The entrance is defined as the upstream surface of EMCAL, which serves as the first
absorber with about one interaction length. The µ/π ratio is estimated from the pion
weak decay probability to be 0.044 at the EMCAL position of z = 5 m for the typical
pion momentum of 2 GeV/c. We set the rejection power requirement to be 1/10 of
this value, namely 4.4× 10−3.
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We studied how much absorber thickness is required to fulfill the rejection power
requirement of 4.4 × 10−3 using GEANT4 simulation. We use an iron absorber of
16 cm which corresponds to one interaction length and studied how many absorbers
are necessary. The left plot of Fig. 39 shows the survival probability of π+ as a function
of momentum after each absorber. The survival probability is defined as the ratio of
the number of tracks after each absorber to the number of tracks after RICH. The
rejection requirement is fulfilled with EMCAL and 6 iron absorbers. On the other hand,
the survival probability for µ has low momentum cut-off depending on the absorber
thickness and is 1.4−1.6 GeV/c with EMCAL and 5−6 iron absorbers as shown in the
right plot of Fig. 39. The survival probability is almost flat as a function of momentum
above the cut-off and is about 70% independent of the absorber thickness.

Figure 39: Left : π+ survival probability as a function of momentum (GeV/c) after
absorbers with different thickness. Right : µ+ survival probability as a function of
momentum (GeV/c) after absorbers with different thickness.

Since muons from weak decays are the main background for dimuon analysis, they
should be rejected by searching for a kink due to the decay along the trajectory. This
can be done by the consistency check with a primary track at as many detector posi-
tions as possible. We call it as a track matching cut. Since the decay center-of-mass
momentum is 30 MeV/c for pions and 236 MeV/c for kaons, pion rejection is much
harder than kaon rejection. Here we estimate roughly how much rejection power for
weak decays is necessary. The signal to background ratio is defined as;

S/B ' Nµ+µ−/Nπ→µ, (8)

where Nµ+µ− is the number of dimuon signals, and Nπ→µ is the pion weak decay yield.
The ratio of the dimuon yield to the π yield is estimated to be 4.6 × 10−5 for the
dominant signal of η Dalitz decay, from the product of η/π ratio of 0.15 [127], and the
branching ratio of the Dalitz decay of 3.1×10−4. The ratio of the dimuon combinatorial

56



background to the π yield is estimated as the square of the π weak decay probability
before MUT to be 1.9×10−3. Therefore, the signal to background ratio, S/B, is about
0.024. To make S/B to be 1, the weak decay should be suppressed to 15%.

We studied weak decay rejection performance for pions and kaons. In order to find
weak decays in flight, track matching was examined in the sections shown in Fig. 40.
At the target, we trace back tracks in the silicon trackers to the target z-position and
check if the x- and y-positions are close to the target position. For other matching
sections, we check consistency of projected x− and y− positions, and local vectors in
x− and y− positions. The matching cuts are defined as momentum-dependent ±3σ
cuts using pion tracks except for ±4σ cuts in the x− local vectors at the matching
sections before and after the toroidal coils.

The left plot of Fig. 41 shows the survival probability of µ+ from π+ weak decay after
the matching cuts as a function of momentum. The weak decay survival probability
increases from 0% to 50% at the momentum of 0−5.5 GeV/c. The right plot of Fig. 41
shows the survival probability of µ+ from K+ weak decay. The survival probability is
0− 20% at 0− 5.5 GeV/c, which almost fulfills the required 15%. Figure 42 shows µ+

efficiency after the matching cuts. The efficiency is about 85%.

Figure 40: Track matching positions used for weak decay rejection in JHITS (shown
as red circles).

6.11 Triggers and centrality counters

Since the event rate is extremely high at J-PARC-HI owing to the very high beam
rate, we can select the events of interest motivated by physics. With 1011 Hz of the
beam rate and 0.1 % interaction length of the target, we expect to see the event rate
of 108 Hz. Obviously, an efficient online/offline trigger for minimum bias events is the
most basic and necessary one for measuring heavy-ion collision events. Therefore, we
first show the idea of triggering minimum bias events as well as the scheme to determine
the centrality of the collisions.
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Figure 41: Left : Survival probability of µ+ from π+ weak decay as a function of
momentum (GeV/c) after the matching cuts. Right : Survival probability of µ+ from
K+ weak decay as a function of momentum (GeV/c) after the matching cuts.
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Figure 42: Efficiency of µ+ as a function of momentum (GeV/c) after the matching
cuts.
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Physics trigger 1: Minimum bias trigger and centrality selection: Fig-
ure 43 shows the trigger setup for minimum bias events. A set of scintillation counters

Figure 43: Triggering scheme for the heavy-ion experiment.

placed upstream of the target measure the beams. When a projectile nucleus interacts
with a target nucleus, the event is characterized by the deposited energy in the mul-
tiplicity counter (MC) and the energy deposit in the zero-degree calorimeter (ZCAL).
The interaction is assured by so-called Bull’s eye [128] placed far down on the beam
axis, followed by the ZCAL. The Bull’s eye is a Cherenkov counter that detects the
nuclear charge Z of the particles on the beam axis. If an interaction occurs, the Bull’s
eye should detect less charge compared to the one of the incident ions. The time-zero
of an event is provided by the timing information from MC. After a collision, the par-
ticipant nucleons or the particles produced by the participants will be scattered off the
beam axis and deposit energies in MC. The spectator nucleons will fly to the end of
the beam line and deposit energy in ZCAL. This scheme has been used in many fixed
target experiments in the past. With these detectors, we can roughly measure the
centrality and select events by centrality online as explained in the later paragraph.
The fine centrality selection can be made offline by using the deposited energy in MC
and ZCAL and/or their correlation as shown in Fig. 44. An advantage of the J-PARC
fixed target experiment is that the direct measurement of spectator and participant
nucleons is possible as opposed to collider experiments such as those in RHIC and the
LHC.

Physics trigger 2: Collision geometry trigger: The Uranium is highly
deformed in geometry (prolate) compared to the other heavy ions. If one can determine
the orientation of an Uranium with respect to the other in a collision, one can control
the collision geometry as well as the energy density of the collision system. In U+U
collisions at RHIC, several studies were carried out in order to figure out whether or not
we can distinguish body-body and tip-tip collisions as depicted in Fig. 45. A theoretical
study suggested that one can distinguish two collision geometry by looking at the v2

(elliptic flow) as a function of multiplicity for charged particles in each event [129]. As
going to the higher multiplicity region, more tip-tip collisions will come in, and a kink
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Figure 44: (a) Correlation between the deposited energy in the multiplicity counter
(4◦ < θ < 14◦) and the impact parameter, b (fm), (b) correlation between the deposited
energy in the ZCAL and b, and (c) correlation of the deposited energy in the ZCAL
and the one in the multiplicity counter. Plots are produced with the JAM model [17]
in RQMD/S mode that includes fragment production.

(a) (b)

Figure 45: A schematic view of central U+U collisions: (a) tip-tip and (b) body-body.
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in v2 shows up, which is the result of the mixture of full overlap of body-body and
tip-tip collisions. The STAR experiment has done also preliminary studies if these v2

structure difference is seen between Au+Au and U+U collisions [130].
Physics trigger 3: K− and p trigger: One of the other triggers we may

consider is a rare particle trigger. At the J-PARC energy, π0/+/−, K+ and p are
copiously produced in every event, but K− and p are rarely produced. Using the timing
information from the time-of-flight counter, one could define an online trigger, while
it is challenging at high interaction rates due to event overlap and possible tracking
confusions. The time-of-flight counter we are designing has sufficiently good timing
resolution to identify K and p online (see Section 6.7).

Physics trigger 4: High pT photon trigger: One can also consider a high pT
photon trigger. The purpose of the trigger is to measure hard photons even though
the production cross-section is very low. Remember that the WA98 experiment has
ambiguity of estimating thermal photon component due to lack of the hard photon
measurement [131]. This measurement is statistics starved measurement, and suits to
the experiment at J-PARC-HI.

Physics trigger 5: Dimuon trigger: We expect that muons from π± decay are
copiously produced every events mainly due to weak decays of π and K. However, if
we trigger muon pairs with higher momentum (p > 0.5 GeV/c), the number of events
to be triggered will be reduced. The threshold of the momentum will be determined
by a full detector simulation.

6.12 Readout electronics and data acquisition system

We estimate the data rates expected from detectors of JHITS. The number of charged
particles per event (Mi), where i denotes an index for each detector, is estimated to
be 900± 110 in a forward tracker at θ = 0◦ − 30◦, and 650± 130 in a barrel tracker at
θ = 30◦ − 110◦ using JAM event generator and GEANT4 simulation. We also assume
the acceptance A to be 80%, and the number of hit pads per particle (Sp) to be 2. If
we assume to read 16-bit ADC and 16-bit TDC data including a channel number, the
data size per pad hit (D) is 8 B. The interaction rate RINT assuming a 0.1% interaction
length target and 1010 Hz (1011 Hz) beam rate is 107 Hz (108 Hz). Thus, the data rate
(RD) is derived as;

RD = RiMiASpD. (9)

RD is calculated to be 1.2 TB/s with the interaction rate of 107 Hz, and 12 TB/s
at the interaction rate of 108 Hz. This raw data rate is in a similar scale as that of the
ALICE Run 3 of 3.3 TB/s [132]. ALICE and CBM will reduce the raw data size by a
factor of about 37 [132] and 100 before storing them in the final storage, respectively.
If we assume the reduction factor of 100, the final data rate will be 12−120 GB/s with
the interaction rate of 107 − 108 Hz.

ALICE and CBM adopt free-streaming triggerless DAQ system to take all the data
without triggers, and then reduce the data as early as possible online. In J-PARC-HI,
a similar scheme will be adopted.
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The first stage of Fig. 46 shows the triggerless electronics. A single timing source
distributes timing clocks to each detector electronics. The digitized data from each
detector electronics is sent to the online computing system shown in the second and
later stages of the figure.

Figure 46: A scheme of triggerless electronics and the online and offline computing
system.

The second and later stages of Fig. 46 show the scheme for the online and of-
fline computing system. The design is based on recent performance progress of FPGA
(Field-Programmable Gate Arrays) and GPU (Graphics Processing Unit), which re-
place a CPU and help reduce the total cost. According to ALICE O2 (Online-Offline
computing system), a GPU replaces 30 CPUs [133]. In the second stage, the raw data
from each subsystem of triggerless electronics is split in each constant duration into
time frames. Each frame data is tagged with an event number. Then local reconstruc-
tion such as cluster reconstruction is done and the data is compressed with a FPGA. In
the third stage, a complete set of compressed time frames for a detector are combined
(time frame building), and detector track finding is done with GPU and CPU. In the
last stage, a complete set of detector data for the whole event are combined (event
building), and the global track reconstruction is done in one of the PCs in the CPU
farm. Then, in the same PC, event filtering (software trigger) is done according to
the characteristics of the event. The filtered event data is stored in the disk and then
archived in the tape system.

Assuming the data rate of 12 − 120 GB/s, we require the data storage of about
30−300 PB for one month data taking. ALICE will have a similar scale storage system
of 60 PB [132].
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Table 7: Radiation and fluence per month running time.

Barrel SVT Forward SVT EMCAL
∆E (MeV) 0.6 0.3 5.09× 105

M 221.4 531.9
ρ (g/cm3) 2.329 2.329 8.300
V (cm3) 1.15 2.76 1.35× 106

S (cm2) 2.45 58.9 9.00× 104

RINT 108

t 2.6× 106 s
Ra (Mrad) 0.9 1.7 0.19
F (cm−2) 2.26× 1015 2.26× 1015

6.13 Radiation tolerance

With extremely high beam rates at J-PARC-HI, radiation damages of the detectors
could be a serious problem. We estimated possible radiation damages on the detectors
using GEANT4 simulation. Assuming interaction rate RINT of 108 Hz (0.1% interaction
length target and 1011 Hz beam rate), The radiation Ra (rad) is calculated as follows;

Ra =
1

C

∆ERINT

W
t, (10)

where ∆E (MeV) is the total deposit energy to the detector, W (g) is the weight
of the detector (W = V ρ where V is the volume and ρ is the density of the detector),
t (s) is the irradiated time, and C = 6.24 × 107 MeV/g is the unit conversion factor
from rad. The fluence F (cm−2) is defined as follows;

F =
MRINT

S
t, (11)

where M is the number of particles passing through the detector per event, and
S is the area of the detector. The estimated radiations and fluences for an innermost
barrel silicon vertex tracker, a most upstream forward silicon vertex tracker, and an
electro-magnetic calorimeter as well as their parameters are summarized in Table 7.
According to Particle Data Group [134], silicon detectors work normally at the fluence
less than 1015 for minimum ionizing particles. SVT’s of JHITS reach this limit for one
month running. The fluence of silicon detectors at CBM for one month was estimated
to be 0.5 × 1013 in the unit of the number of neutron equivalent/cm2 at SIS-100 [7].
The fluence at CBM is a factor of 40 smaller than that at JHITS, assuming the number
of minimum ionizing particle is equivalent to the number of neutrons.

The estimated average radiation at EMCAL of JHITS is comparable to the radiation
of 1.0 Mrad for the CBM electro-magnetic calorimeter for one month at the closest
location to the beam axis.
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6.14 Beamline and experimental facility

The heavy-ion beams slowly extracted from the MR will be transported to the Hadron
Experimental Facility through the high-momentum beamline which is originally built
for primary proton beams. The experimental area of the E16 experiment (red rectangle)
and more downstream space after the planned extension of the Hadron Experimental
Facility (yellow rectangle) as shown in Fig. 47 are considered as a candidate location
for the heavy-ion spectrometer.

Figure 47: The layout of the J-PARC Hadron Experimental Facility and the high-
momentum beamline. The red rectangle of the E16 experimental area, and the yellow
rectangle show the candidate space for the J-PARC Heavy-Ion Toroidal Spectrometer.

7 Expected detector performance and physics re-

sults

We performed simulation studies in JHITS using GEANT4 and the JAM event genera-
tor in U+U collisions at 10 AGeV/c. For simplicity, we assumed a half-spherical shape
for toroidal coils, but we did not include insensitive areas due to the coils (the dead φ ac-
ceptance should be around 10%), and we assumed a uniform azimuthal magnetic-field.
The geometry and material configuration for the trackers is summarized in Tables 8,
9, and 10.

Figure 48 shows acceptance distributions derived by the accepted number of tracks
normalized by the generated number of tracks in y − pT plane for p, π+, π−, and K+.
Note that for π+, π−, and K+, loss due to weak decays is included. Note that vertical
grooves at y = 0.1−1.2 for p, y = 0.8−1.3 for π+, and y = 1.7−2.4 for π− correspond
to the boundaries between the forward and the barrel spectrometers.

Figure 49 shows the mass-square vs momentum distribution in the forward and the
barrel TOF’s, where the mass-square is calculated with reconstructed momentum, time-
of-flight, and the path length. With the position resolution of SVT’s of 14 − 23 µm,
and that of GEM trackers of 0.2 − 0.4 mm, the momentum resolution is evaluated
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Table 8: The geometry and resolution of trackers in the barrel spectrometer.

Layer Detector R(mm) Pixel size(rφ× z) (mm2) Position/timing resolution
1

Silicon pixel

25 0.04× 0.12 0.014× 0.12 mm2

2 50 0.04× 0.12 0.014× 0.12 mm2

3 100 0.08× 0.24 0.023× 0.29 mm2

4 150 0.08× 0.24 0.023× 0.29 mm2

5
GEM tracker

1900 1.9× 5.7 0.2× 0.6 mm2

6 1910 1.9× 5.7 0.2× 0.6 mm2

7 TOF 1920 1.9× 5.7 50 ps

Table 9: The geometry and resolution of trackers in the toroidal spectrometer.

Layer Detector R(mm) Pixel size(rφ× z) (mm2) Position resolution(mm2)
1

GEM tracker

1050 1.1× 1.1 0.1× 0.1
2 1100 1.1× 1.1 0.1× 0.1
3 1150 1.2× 1.2 0.1× 0.1
4 1250 1.3× 1.3 0.1× 0.1
5 1450 1.5× 1.5 0.2× 0.2
6 1650 1.7× 1.7 0.2× 0.2
7 1850 1.9× 1.9 0.2× 0.2
8 1870 1.9× 1.8 0.2× 0.2
9 1880 1.9× 1.9 0.2× 0.2
10 1890 1.9× 1.9 0.2× 0.2

Table 10: The geometry and resolution of trackers in the forward spectrometer.

Layer Detector z(mm) Pixel size(x× y) (mm2) Position/timing resolution
1

Silicon pixel

25 0.04× 0.04 0.01× 0.01 mm2

2 50 0.04× 0.04 0.01× 0.01 mm2

3 100 0.08× 0.08 0.02× 0.02 mm2

4 150 0.08× 0.08 0.02× 0.02 mm2

5 Multiplicity counter 200 0.2× 0.2 0.06× 0.06 mm2

6

GEM tracker

2100 2.1× 2.1 0.2× 0.2 mm2

7 2550 2.6× 2.6 0.3× 0.3 mm2

8 3000 3.0× 3.0 0.3× 0.3 mm2

9 3900 3.9× 3.9 0.4× 0.4 mm2

10 TOF 4000 4.0× 4.0 30− 50 ps
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Figure 48: Acceptance distributions in the rapidity (y) - pT plane for proton (top left),
π+ (top right), π− (bottom left), and K+ (bottom right) at 10 AGeV/c (top left) in
the toroidal spectrometer.
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to be around 1.3% in the barrel spectrometer, and 0.4% · p (GeV/c) in the forward
spectrometer. Time resolution of 50 ps (rms) is assumed for TOF’s. Clear separation
among p, K± and π± is observed. The 2.5σ π −K separation is up to 2.5 GeV/c for
the forward TOF.

Figure 49: Reconstructed charge times momentum (GeV/c) vs m2 ((GeV/c2)2) at
θ < 10◦ for the forward TOF (left) and the barrel TOF (right) with JAM events.

We estimated the vertex resolution by closest approach points of primary particles
using SVT’s as shown in Fig. 50. The estimated transverse resolution is 36 and 110 µm
and the longitudinal resolution is 0.87− 1.4 mm in the barrel and the forward SVT’s,
respectively. The longitudinal resolution is high enough to reconstruct the decay vertex
of strange mesons/baryons, but may not be good enough for charmed mesons/baryons.

Figure 51 shows momentum resolution as a function of momentum for the toroidal
spectrometer. High momentum resolution of 0.6− 2.8% is obtained in the momentum
range of 0.5− 4.0 GeV/c. There is almost no dependence on the polar angle.

We have also performed full track reconstruction and analysis of electrons and
muons to reproduce the generated cocktail spectra.

For electrons, we first apply a Hough transformation from pad hits of the photon
detector of RICH. The Hough transformation is defined as a transformation of each
pad hit into a ring with the radius of the Cherenkov ring radius for a β = 1 particle.
The distribution of Hough transform amplitudes is shown in the left plot of Fig. 52.
The local maxima of the distribution correspond to the ring centroids. Then, photo-
electron hits belong to each ring are fitted by a circle around a the centroid as shown in
the right plot of Fig. 52. Then, rings are associated with reconstructed charged particle
tracks at the spherical mirror, where ring positions are projected back on the mirror.

For muons, we reconstruct tracks in MUT which is after EMCAL (1-interaction
length) and 5 layer of iron absorbers (5-interaction length). The survival rate of π± after
the absorbers is 0.2%, and muon reconstruction efficiency is 80%, with the momentum
cut-off of 1.5 GeV/c as shown in Fig. 42.
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Figure 50: Reconstructed closest approach points using silicon vertex trackers in the
x−direction (left) and z−direction (right) for the barrel SVT’s (top) and the forward
SVT’s (bottom). Red lines show the Gaussian fit.
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Figure 51: Momentum resolution as a function of momentum (GeV/c) in the toroidal
spectrometer. Different colors show different polar angles.

Figure 52: The Hough amplitude distribution (left) and the ring distribution (right)
on the photon detector plane for an event.
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The top plots of Fig. 53 show the dielectron cocktail spectrum and the reconstructed
dielectron spectrum, respectively. The bottom plots of Fig. 53 show the dimuon cocktail
spectrum and the reconstructed dimuon spectrum, respectively. The details of cuts are
described in the figure caption. The signal spectrum was obtained by subtracting the
like-sign mixed pair spectrum from the unlike-sign pair spectrum. Clear ρ and ω peaks
are observed in the reconstructed spectra for both dielectrons and dimuons.

Figure 53: Invariant mass spectra of dielectrons (top) and dimuons (bottom). Left
plots are for generated events, and right plots are for reconstructed events. For the
dielectron spectra, 8.6 M dielectron cocktail events are used with the cuts for the
pair opening angle of more than 5◦, 2◦ < θ < 80◦ for each electron and positron,
and pT > 0.1 GeV/c for each electron and positron. For the dimuon spectra, 500 M
dimuon cocktail events are used with the cuts for the pair opening angle of more than
2◦, 2◦ < θ < 80◦ for each muon, and pT > 0.1 GeV/c for each muon.
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8 Project

8.1 International collaboration

As the cases for the other large scale experiments at RHIC and the LHC, the heavy-ion
experiments at J-PARC proposed here will not be successful without forming an inter-
national collaboration where many institutions from all over the countries contribute
for designing, developing, constructing, and operating the detector systems. The cur-
rent collaboration has just set a ground for soliciting many more new collaborators.

We formed the J-PARC-HI collaboration in this stage with experimental physicists,
theoretical physicists, and accelerator scientists including international collaborators,
since this program requires the accelerator design, the experimental design, and physics
discussions for best experimental observables to find QCD phase structures and prop-
erties of dense matter.

Since we have defined physics scopes and a conceptual design of accelerators and
an experiment, we are going to define responsibility of each collaborator and each
institution soon. We will also organize the collaboration more formally to strengthen
the project developments, for example by composing a bylaw of the collaboration and
by conducting an election of executive council members of the collaboration.

We have proposed several key detector and accelerator components needed to
achieve essential physics goals, while the design is still a reference. We plan to hold
several workshops for designing each components in detail, where we will also discuss
about sharing responsibility of R&D and designing among institutions. We will also
consider to collaborate with existing experiments and detector R&D works within J-
PARC and in other experimental projects all over the world, in particular, planned
physics programs such as NICA, CBM, and ALICE since there are similar detector
requirements among them.

8.2 Staging strategy and other spectrometer options

In case of limited budget and construction time, we may have to consider a staging
strategy. We can build minimum components of the accelerators with 98 million dollars.
Within this budget, at the initial stage when the beam rate is low, we will not build
part of beam monitors and part of magnet power supplies for fine beam tuning. Then
as the beam rate increases, we will add the remaining components step by step.

The following priority order should be taken for detectors.

1. The toroidal magnet, forward SVT and GEM trackers, and DAQ (a half scale)

2. Multiplicity counter and ZCAL

3. Forward MRPC-TOF

4. RICH

5. Forward MUT

6. Forward EMCAL
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7. Barrel detectors and DAQ (the remaining half scale)

We can study identified charged hadrons at the second staging. As the staging proceeds,
we can study electrons using RICH, muons with MUT, and photons with EMCAL.
Splitting the construction of forward and barrel detectors is another staging strategy.
The higher priority should be given to the forward spectrometer which covers the mid-
rapidity at higher beam energies.

Besides staging of the main large spectrometer JHITS, we design also two alterna-
tive spectrometers which are more compact with lower cost but with limited physics
scopes.

A Hypernuclear spectrometer (Appendix A) aims to measure hypernuclei in the
beam rapidity region, by sweeping out other charged hadrons with a strong dipole
magnet and stopping them at a collimator. The weak decay of hypernuclei is recon-
structed with a TPC in the second dipole magnet. Precise measurement of hypernuclear
lifetime as well as the first measurement of the magnetic moment of a hypernucleus
may be possible with current detector and data-acquisition techniques.

A dedicated muon spectrometer (Appendix B) consists of only silicon pixel trackers
and a muon tracker system with a dipole magnet in order to measure charged particles
and muons. The dipole magnet for the J-PARC E16 experiment may be utilized to
save the cost.

Actually, these two compact spectrometers could be combined into one spectrome-
ter, and they can be installed in the downstream of JHITS. Therefore, one scenario is
to build one of these compact spectrometers first, and then build JHITS.

We also consider to upgrade the dielectron spectrometer of J-PARC-E16 for heavy-
ion collisions as an alternative low-cost solution, by adding silicon vertex trackers
around the target, and upgrading GEM trackers and the DAQ system for high multi-
plicity capability. A fast time-of-flight counter for hadron identification, and a muon
tracker system for muon identification will enhance its physics capability.

8.3 Cost estimation

The main cost for the proposed heavy-ion acceleration scheme in J-PARC is due to the
construction of the heavy-ion linac and the heavy-ion booster ring. Although the final
cost would depend on the detailed designing of the accelerators, the total cost at the
present stage including the linac, the booster ring, and the addition of the heavy-ion
injection system to the RCS is estimated to be about 120 million dollars. The cost
of each part is summarized in Table 11. The minimum cost excluding some part of
magnets and magnet power supplies, and beam monitors at the initial stage would be
98 million dollars.

The cost for JHITS is not yet clear since detailed design has been not finished.
However, by scaling the costs of similar detectors in other large heavy-ion experiments
with detector sensitive areas and numbers of channels, a very rough cost is estimated
to be 65 million dollars as shown in Table 12. The minimum cost at the initial stage
would be 25 million dollars that includes the costs for the toroidal magnet, the forward
tracker system (SVT’s and GEM trackers), ZCAL, and a half of the DAQ system.
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Table 11: The rough cost estimation of the accelerator upgrade for heavy-ion beams.

Item Cost (1 M dollars)
Building 20

Linac 20
Magnets 30

RF system 10
Vacuum system and beam monitors 10

Power supplies 20
Utilities 10

Total 120

Table 12: The rough cost estimation of detectors in JHITS.

Item Cost (1 M dollars)
Toroidal magnet 16.5

SVT 2
GEM trackers 11

DAQ 12
ZCAL 0.5
TOF 4.5
RICH 4.5
MUT 2

EMCAL 12
Total 65

The cost of the two alternative spectrometer options and one option involving an
upgrade of J-PARC E16 should be much inexpensive than JHITS (an order of a few
to several million dollars).

8.4 Schedule and R&D plan

We discuss here the earliest possible schedule for J-PARC-HI. We already released
the white paper of J-PARC-HI [135] in June 2016. After submitting this LOI to J-
PARC PAC in the end of June 2016, we will start discussion on J-PARC-HI within
J-PARC, Japanese Nuclear Physics Community, and Scientific Council of Japan, in
close consultation with the international institutions and executive council members of
the collaboration. If the project is listed in the master plan of Science Council of Japan
in 2019, we will be able to request the construction funding from MEXT (Minister of
Education, Culture, Sports, Science and Technology, Japan) in 2020, which can be
approved in 2021 at earliest. Following the scenario, we should be able to construct
the heavy-ion injector and modify RCS for the heavy-ion injection system in 2021-2023,
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and start commissioning beam in 2023-2024. We will also construct the spectrometer
by 2024.

Thus, the earliest possible year of the first collision in the experiment is 2025. Note
that this schedule highly depends on when the funding is approved.

We need significant R&D efforts for accelerators and detectors to achieve the de-
signed performance of heavy-ion beams and the experiment. For accelerators, we need
to develop a high intensity ion source, a linac, and a booster ring with the charge-
exchange injection scheme. In order to operate detectors with extremely high rate
heavy-ion beams at J-PARC, we need to develop a triggerless data acquisition system,
a fine pixel silicon tracker, a Ring Imaging Cherenkov Counter, GEM trackers with
fine pads, an electromagnetic calorimeter, and a muon tracker system.

For detector R&D, we will collaborate with experiments which share the J-PARC
high-momentum beam line, namely, E16 [87] and E50 [136] experiments. For example,
E16 developed GEM trackers, and E50 is planning to develop a triggerless DAQ, double-
radiator RICH, a muon tracker system, and an MRPC-TOF.

Since the ALICE upgrade for Run 3 and the CBM experiment at FAIR aim at
similar data rates to JHITS of 1 TB/s, there will be great advantage to share R&D
efforts with them. Some of JAEA and KEK collaborators are going to join ALICE
experiment as an associate collaboration member in July 2016 to contribute to ALICE
O2 (Online-Offline Computing) Project [132], aiming at future applications to E50 and
J-PARC-HI. Significant data rate reduction will be done in O2 with online cluster and
track reconstruction, which is one of the most important part of the ALICE DAQ
system.

Also, R&D of a MRPC-TOF aiming at 40 ps timing resolution has been started by
collaborators of JAEA, University of Tsukuba and KEK, and that of a triggerless fast
DAQ system has been started by collaborators of JAEA and Nagasaki IAS.

9 Summary

The physics of dense matter beyond the normal nuclear density has recently began to
attract increasing interest as a means of exploring the phase structures of the QCD
phase diagram. In addition, studies of dense matter can provide insights into how
heavy neutron stars with two solar mass can exist, which is one of the most crucial
problems in hadron and nuclear physics.

Heavy-ion collisions at nucleon-nucleon center-of-mass energies of a few to several
tens of GeV produce the highest density matter with 5− 10 times the normal nuclear
density; this region represents the ideal experimental condition for the study of the
relevant physics.

We propose a heavy-ion program at J-PARC wherein we will explore the QCD
phase structures and study modifications of hadrons and nuclei in dense matter with
a baryon density 5− 10 times the normal nuclear density.

Heavy-ion beams up to uranium will be accelerated to 20 AGeV possibly at the
world’s highest beam rate of 1011 Hz. The accelerator design has been developed to
incorporate a new heavy-ion linac and booster synchrotron into the existing RCS and
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MR synchrotrons. Slowly extracted ion beams from the MR would be transported via a
high-momentum beamline to the Hadron Experimental Facility at which the heavy-ion
experiments will be performed.

Dileptons will be measured to study medium modifications of vector mesons in the
low-mass region to aid in the search for the signature of chiral restoration and for QGP
thermal radiation in the intermediate mass region. We will measure event-by-event
fluctuations to search for the critical point. In addition, important hadron/nuclear
physics at high density will be studied, particularly those related to neutron star cores.
The EoS will be studied using collective flow and hadron-hadron interactions based on
two-particle momentum correlations, and we will search for |S| ≥ 3 hypernuclei and
strangelets that may exist in the interior of neutron stars. These measurements will
be performed at high statistics or, for very rare events, utilizing the high-interaction
rates of J-PARC-HI.

We have designed a multi-purpose large acceptance toroidal spectrometer for per-
forming the measurements discussed above. The spectrometer will have large polar
angle acceptance and almost full azimuthal coverage. It will comprise silicon ver-
tex trackers, a ring-imaging Cherenkov detector, a time-of-flight counter, an electro-
magnetic calorimeter, and a muon tracker system. The centrality will be defined by
a multiplicity counter and a zero-degree calorimeter. The spectrometer can measure
electrons, muons, photons, hadrons, and neutrons, and it has been shown to be able
to successfully reconstruct fully simulated dielectron and dimuon spectra.

To achieve the design goals of this program, we will develop accelerator technologies
for an ion source, a heavy-ion linac, and a booster ring to produce 1011 Hz beams as well
as technologies for high-rate capable detectors and a fast data acquisition system that
aspires to achieve an experimental data rate of up to 108 Hz heavy-ion interactions.

We intend to prepare a budget request plan for construction of the accelerators
and the spectrometer by 2018 in order to meet the budget proposal in 2019, for an
anticipated first experiment in 2025.

A An alternative experimental plan : Hypernu-

clear closed geometry spectrometer

We design here a spectrometer for hypernuclear studies at the beam rapidity region,
based on the idea shown in Section 2.8. Figure 54 shows the design of the hypernuclear
spectrometer to measure hypernuclei at the beam rapidity.

It consists of a first dipole magnet which sweeps out most of produced hadrons and
stops at the tungsten collimator. The second dipole contains a TPC which measures
hypernuclear weak decays. For instance, a 3

ΛH decays into 3He and π−. The π− is
tagged with a trigger counter. The downstream time-of-flight counter identifies π−.
The magnetic moment can be measured by the spin precession of a hypernucleus. A
hypernucleus can be polarized by selecting one with some emission angle with respect
to the beam. The polarization can be measured by decay event planes of π− and a
nucleus from a hypernucleus. Using the relation of the polarization and the decay
position, the magnetic moment of a hypernucleus can be measured.
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Figure 54: A conceptual design of the hypernuclear spectrometer (JHIPER; J-PARC
Heavy-Ion hyPER-nuclear experiment) at J-PARC.

We simulated fragments and hypernuclei using JAM version 1.622 in RQMD/S
mode. We generated minimum bias C+C collision events at 15 AGeV/c. This model
can produce fragments and hypernuclear fragments formed in the coalescence mecha-
nism. Hypernuclei with Λ and Σ can be produced. According to the y−pT distributions
of fragments, heavier fragments are produced more around the target and the beam
rapidities.

Figure 55 shows Z/A vs x (horizontal position) for fragments. A clear anti-correlation
is observed especially after the collimator in the TPC. By selecting the x-position, frag-
ments of a particular Z/A can be selected.

Figure 55: Z/A vs the horizontal (x) position for produced fragments at the z position
(along the beam) before the collimator (left), and at the end of the TPC (right).

We simulated 3
ΛH→3 He+π− decay. The distributions of them are shown in Fig. 56.

Since π− has a large x-position, it can be triggered by a counter with the acceptance of
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Figure 56: Left : The horizontal (x) position distributions for fragments (red) and
all charged particles (black) at the entrance of the collimator. The two vertical lines
represent the collimator hole. Middle : The horizontal (x) position distributions for
fragments (blue), and fragments and all charged particles (red) measured in the TPC
at the entrance of the exit of the TPC. The TPC has an insensitive hole for beams.
Right : The horizontal (x) position distributions for all charged particles and fragments
(black), compared to the 3

ΛH (blue), and 3He (green) and π− (red) from 3
ΛH decay.

x = 0− 300 (mm). We estimated the trigger rate and particle rates at the TPC. The
number of tracks in the TPC is 0.94 / event. The weak decay trigger efficiency is 36%.
The weak decay probability of 3

ΛH in the TPC is 11%, assuming the life time of Λ of
cτ = 7.8 cm. We estimated from JAM the ratio of the hypernuclei (dominantly 3

ΛH)
to be 1%. Then, we derive the trigger rate to be 3 × 10−4 / event. Assuming the 108

interaction rate, the track rate in the TPC is 108 tracks/s which spread over different
drift volume in the TPC, and the hypernuclear trigger rate is 3 × 104 Hz. Both rates
are feasible with the current TPC and DAQ technology.

B An alternative experimental plan : Dedicated

dimuon spectrometer

Although we can measure dimuons in JHITS (See Section 7), we can consider also a
dedicated dimuon spectrometer with a much lower cost, which can utilize the full beam
rate. We designed the dimuon spectrometer as shown in Fig. 57. The spectrometer
consists of silicon vertex trackers around the target, which is inside a dipole magnet,
and backward muon trackers which are sandwiched by iron return yokes of the dipole
magnet, and forward muon trackers and iron absorbers. The spectrometer can mea-
sure charge particles and identify muons in almost full 4π solid angle. We estimated
the track rates using GEANT4 simulation with U+U events generated by JAM at
10 AGeV/c. The dimuon trigger is defined as an event with a positive and a negative
particles after 7-interaction length iron absorbers.

Assuming the interaction rate of 108 Hz, the dimuon trigger rate is estimated to
be 3× 105 mainly from π, K weak decay background at the forward muon trackers of
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θ < 33◦. On the other hand, the signal dimuon rate is estimated to be around 105 Hz.
Therefore, the experiment with the full beam rate should be feasible.

Figure 57: A schematic view of the dimuon spectrometer at J-PARC (top view).
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