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What is Quark Gluon Plasma?

✓Hadrons made of quarks and gluons 

have a size of ~1 fm.


•Described by QCD


✓When heated or compressed, they 

overlap each other


➡Quarks and gluons move around in 

relatively large volume.


✓Phase Transition between QGP and 

hadrons

!  Quark Gluon Plasma  !
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Toy Model (Ideal Gas) 


for QGP phase transition 
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Pion Gas
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Phase Diagram of QCD matter

✓Recent Lattice calc. predicts 1st order at high baryon density (μB)


•On the other hand, at low baryon density, μB 〜 0, region of RHIC & LHC, crossover.   
Critical Point expected.


✓Just like the water, rich physics expected in phase diagram of QCD!


•To study the region of high μB) , we need J-PARC-HI

!6Yasuo MIAKE, J-PARC 2019

Phase Diagram of QCD matter Phase Diagram of water

Baryon Density 

many Lattice 
QCD 

Calculations
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Features of Heavy Ion 
Collisions

✓At QGP phase, λq << Rsystem,  hydrodynamical behavior


✓Space-Time evolution of collisions (Adiabatic expansion) 


QGP → Hot & dense hadron gas 


→ Chemical Freezeout (Tch) ; no more particle production


→ Kinematical Fr. (Tkin); momentum of particles fixed
!7Yasuo MIAKE, J-PARC 2019

TchTkin



History of Heavy Ion Accelerations
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Machine Beam+Target Ecm [GeV]
1987 - BNL・AGS Si+Au, Au+Au(’92) 5A, 4A
1987 CERN・SPS S+Pb, Pb+Pb(’94) 20A, 17A
2000 - BNL・ RHIC Au + Au 130A - 200A
2011 - CERN•LHC Pb+Pb 2900-6300A
2025 FAIR p, C, Ca ,,, Au 2 - 5 A
2023??
2026?

NICA、HIAF、 
J-PARC

p,,,U? 4 - 11A、(  )、
2-6.2A

✓Until RHIC & LHC, 
beam energy 
simply going up.


✓Now lower energy 
HI machine is 
proposed in 
Germany, Russia, 
China and Japan.

for the study of  
the phase transition,  
where and how



Quark Gluon Plasma @ RHIC 

✓Key signatures of QGP


•1) Characteristic Energy Loss of partons in 

QGP (“Jet Quench”)


➡Radiative loss of partons 
Characteristic in QCD


•2) Hydrodynamical flow of partons

!9Yasuo MIAKE, J-PARC 2019

Jet quenching 3

ment non-perturbatively into a set of final-state hadrons. The characteristic colli-
mated spray of hadrons resulting from the fragmentation of an outgoing parton is
called a “jet”.

Fig. 2. “Jet quenching” in a head-on nucleus-nucleus collision. Two quarks suffer a hard scat-
tering: one goes out directly to the vacuum, radiates a few gluons and hadronises, the other
goes through the dense plasma created (characterised by transport coefficient q̂, gluon density
dNg/dy and temperature T ), suffers energy loss due to medium-induced gluonstrahlung and
finally fragments outside into a (quenched) jet.

One of the first proposed “smoking guns” of QGP formation was “jet quench-
ing” [6] i.e. the attenuation or disappearance of the spray of hadrons resulting from
the fragmentation of a parton having suffered energy loss in the dense plasma pro-
duced in the reaction (Fig. 2). The energy lost by a particle in a medium, &E , pro-
vides fundamental information on its properties. In a general way, &E depends both
on the characteristics of the particle traversing it (energy E , mass m, and charge) and
on the plasma properties (temperature T , particle-medium interaction coupling1 ',
and thickness L), i.e. &E(E,m,T,',L). The following (closely related) variables are
extremely useful to characterise the interactions of a particle inside a medium:

• the mean free path ( = 1/()*), where ) is the medium density () # T 3 for an
ideal gas) and * the integrated cross section of the particle-medium interaction2,

• the opacity N = L/( or number of scatterings experienced by the particle in a
medium of thickness L,

• theDebye mass mD(T )∼ gT (where g is the coupling parameter) is the inverse of
the screening length of the (chromo)electric fields in the plasma.mD characterises
the typical momentum exchanges with the medium and also gives the order of
the “thermal masses” of the plasma constituents,

• the transport coefficient q̂≡m2D/( encodes the “scattering power” of the medium
through the average transverse momentum squared transferred to the traversing
particle per unit path-length. q̂ combines both thermodynamical (mD,)) and dy-
namical (*) properties of the medium [7, 8, 9]:

q̂ ≡ m2D/( = m2D ) * . (2)

1 The QED and QCD coupling “constants” are 'em = e2/(4+) and 's = g2/(4+) respectively.
2 One has (∼ ('T )−1 since the QED,QCD screened Coulomb scatterings are *el # '/T 2.
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（１）ジェットクエンチング　（パートンのQGP中でのエネルギー損失）
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Fig. 15. Invariant +0 yields measured by PHENIX in peripheral (left) and central (right)
AuAu collisions (squares) [89], compared to the (TAA-scaled) pp→ +0+X cross section (cir-
cles) [134] and to a NLO pQCD calculation (curves and yellow band) [119].
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Fig. 16. RAA(pT ) measured in central AuAu at 200 GeV for +0 [89] and . [135] mesons,
charged hadrons [114], and direct photons [136, 137] compared to theoretical predictions for
parton energy loss in a dense medium with dNg/dy= 1400 (yellow curve) [138].

top RHIC energies is very close to the “participant scaling”, (Npart/2)/Ncoll ≈ 0.17,
expected in the strong quenching limit where only hadrons coming from partons
produced at the surface of the medium show no final-state modifications in their
spectra [141]. From the RAA one can approximately obtain the fraction of energy
lost, !loss = &pT/pT , via

!loss ≈ 1−R1/(n−2)
AA , (36)

when the AuAu and pp invariant spectra are both a power-law with exponent n, i.e.
1/pT dN/dpT # p−nT [142]. At RHIC (n≈ 8, RAA ≈ 0.2), one finds !loss ≈ 0.2.

The high-pT AuAu suppression can be well reproduced by parton energy loss
models that assume the formation of a very dense system with initial gluon ra-
pidity densities dNg/dy ≈ 1400 (yellow line in Fig. 16) [138], transport coeffi-
cients ⟨q̂⟩ ≈ 13 GeV2/fm (red line in Fig. 17, left) [78], or plasma temperatures
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Study of Hydrodynamical flow

‣Experimentally, both initial & Final state can be determined. 

‣And comparison of exp. and theory gives property of QGP !10Yasuo MIAKE, J-PARC 2019
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v2, 2nd Fourier Harmonics 

✓v2, 2nd Fourier harmonics 

in azimuthal distr. shows  

characteristic behavior !


➡ Mass Ordering of v2 at low pt 

region, collective flow


•1) Good agreement with 

hydrodynamics, in which


early thermalization ~0.6 fm/c

perfect fluid (small viscosity)


•2) Departure at high pt 

region (> 1.5 GeV/c);


➡Quark Coalescence 


➡Quark Number Scaling Seen

PHENIX : P.R.L. 91, 182301 (2003)

Yasuo MIAKE, J-PARC 2019



Viscosity (η) from Higher harmonics

✓Very low viscosity !!12Yasuo MIAKE, J-PARC 2019

Schenke and Jeon, Phys.Rev.Lett.106:042301

η/s = 0

η/s = 0.16
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η/s ~ 0.20 at LHC, 
η/s ~ 0.12 at RHIC

Event by event fluctuations of nucleon give 
higher order harmonics in hydrodynamics and 
found to be sensitive to viscosity of the fluid



Study of Bulk property : 
hadron production at Chemical Fr. 

✓Chemical Eq. model with T and μB fits the ratios of particle yields very well


•Tc ; chemical freezeout temp., lower than Tcr ~170MeV, consistent with space-

time evolution of QGP

!13Yasuo MIAKE, J-PARC 2019
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RHIC-SPS-AGS

!14Yasuo MIAKE, J-PARC 2019

← RHIC 130GeV Au+Au

(T = 165.5MeV, μB~38 MeV)

← SPS 17GeV Pb+Pb

(T = 160MeV, μB~240 MeV)

AGS 4.8GeV Au+Au →

(T = 124MeV, μB~537 MeV)



Summary plots of bulk property : 

Where is the phase transition?

✓Temperature & hydrodynamical flow 

stay constant? till √SNN~ 10 GeV


✓Then, things drastically changes in 

√SNN=2~10 GeV, could be the phase tr.

!15Yasuo MIAKE, J-PARC 2019
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Beam Energy Scan at RHIC 

!16Yasuo MIAKE, J-PARC 2019

Thin Au foil in 
the beam pipe



Results by now

✓Rigorous measurement 

going on at RHIC Beam 

Energy Scan Program


✓No conclusion yet!

!17Yasuo MIAKE, J-PARC 2019
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Key signature for 
Critical Point Search

✓Fluctuation in the number 

of particles as a signature


•At around the critical point, 

correlation length extended 

and the fluctuation modified


✓4th order fluctuations 

seems to have structure


✓Higher order, higher 

sensitivity.  But requires 

much higher statistics !


➡ 6th order, T.Nonaka, S.Esumi 

et.al., PRC95,064912(2017)
!18三明＠原子核物理特論

M.A.Stephanov, PRL107,052301(2011)

4th order flux. 
of net-protons

Probe of 
critical 
point



RHIC BES is not enough ! 
Accelerator Plans in the World

!19Yasuo MIAKE, J-PARC 2019

Slides from Nu Xu @Tsukuba, March, 2018

p
sNN = 1 ⇠ 3 GeV (2023?)

<latexit sha1_base64="ALaiV6pvchcuVNwoMubDW4J/pF4="></latexit>



Heavy Ion Acceleration  
at J-PARC

✓Only the HI linac and the booster is needed !

!20Yasuo MIAKE, J-PARC 2019

3 GeV RCS
(p)

0.4 à 3 GeV

50 GeV MR
3à30 GeV (p)

H- Linac: 0.4 GeV

MLF
p to NU

proton (existing)

Hadron 
Experimental 

hall

HI Linac

HI Booster Ring

HI (plan)

Elab=1-19AGeV, ÖsNN=1.9-6.2GeV (U)
Ion species: p, Si,…, Au, U



Most important feature :

High Beam Intensity

!21Yasuo MIAKE, J-PARC 2019

Max Baryon density

✓108Hz interaction rate 

can be achieved


➡1 year @ AGS  
= 5min @ J-PARC-HI


✓Besides the QCD phase 

diagram, as a a tool, 

many reasons to go for 

it !


•1) Strangeness enhanc.


•2) Baryon density



1) Strangeness Enhancement

✓Most effective strangeness production

!22Yasuo MIAKE, J-PARC 2019

Nucl. Phys. A772, 167(2006)

Theorist claims that characteristic 
bump cannot explain with hadronic 
cascade alone, it may suggest the 
existence of partonic fluid.

Phys.Rev. C98 (2018) no.2, 024909
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2) Highest Baryon Density

✓Unlike Bjorken picture at RHIC and LHC, collisions at J-PARC-HI 

follows Landau picture, where incident nucleus stops at Center of 

Mass


•Baryon Density as high as ~10 ρ0 can be achieved by selecting rare 

events


✓Equation of State at high baryon density


•Physics of neutron star, neutron merger

!23Yasuo MIAKE, J-PARC 2019

PRL, 93(2004)102301Landau BjorkenRHIC
, LHC

AGS
, JPA

RC-H
I



Configuration1;

 Dipole Hadron Spectrometer

✓Interaction Rate : <106 Hz 


✓Charged particles (PID) + 

neutrons 


✓~4π acceptance


•Track : Si-Pix(θ < 4o), TPC (θ > 

4o), GEM 


•PID : MRPC-TOF, Neutron 

counter


•Centrality : Multiplicity Counter 

+ Zero-degree CALorimeter


✓Flow, E-by-E fluctuation

!24Yasuo MIAKE, J-PARC 2019

ZCALTarget

Magnet yoke
Top view

2m

4o

MRPC-TOF

3.4m
2m

N
eu

tro
n

co
un

te
r

3.5

2.75m
45o

1.5

C
ha

rg
e 

ve
to

B=1.5TMC

SPT TPC



Configuration 2 ;

Dipole Dimuon Spectrometer

✓Interaction Rate : 107 Hz


✓Replace TPC by


•Pb absorbers (4λI)and GEM 

trackers


•7-layer forward and barrel 

Si-Pix Trackers


✓Low mass vector meson, 

heavy flavor

!25Yasuo MIAKE, J-PARC 2019
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Configuration 3;

Hypernuclear Spectrometer

✓Interaction Rate : 108 

Hz 


✓Sweeping magnet + 

Collimator 


•Hypernuclei at beam 

rapidity


•Collimator Selection by 

Charge/Mass


✓Hypernuclei, Strangelet 

and Di-baryon

!26Yasuo MIAKE, J-PARC 2019



Strangelet Search

✓Strangelet search in heavy ion collisions


•AGS E864、central、Au+Pb 11.6 A GeV/c


•SPS NA52、central、Pb+Pb 158 A GeV/c


•RHIC STAR、Proj. region、√SNN = 200GeV


✓Indeed, best place for Strangelet search


•High baryon density -> Larger coalescence


•Lower temp. & smaller flow -> Easier to cool


•Higher K/pi -> Higher s density, larger distillation effects


•  At J-PARC-HI, 10-9 ~10-10 is easy level


➡Strong Sweeping Magnet + Hadronic Calorimeter 
!27Yasuo MIAKE, J-PARC 2019

Phys.Rev. C76 (2007) 011901 
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Study of Hyperon Interaction

!28Yasuo MIAKE, J-PARC 2019
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✓Attractive interaction between p-Ξ- 

(ALICE)


•Two part. corr. in p-Pb 


✓ΛΛinteraction in Au-Au (STAR)


•Residual int. + source distr.


✓J-PARC-HI provides great tools



Summary and Prospect

✓J-PARC-HI provides unique opportunity to study QCD phase structure 

and EoS of dense matter


•Sweat spot of beam energy √sNN = 2-6 GeV


•High beam rate as high as 1011 Hz


✓Only Linac and Booster needed 


✓Many reasons are,


•Sweat spot


➡Phase structure of QCD matter


•Highest Baryon density


➡EoS of neutron star 


•Highest Strangeness Production Ratio


➡Hyperon interactions, Hyper Nuclei, Strangelet 


✓Letter of intent submitted to J-PARC PAC in 2016


✓Phase-0 pA experiment (E16) will start in 2020


✓J-PARC-HI on Master Plan of Science Council of Japan in 2020

!29Yasuo MIAKE, J-PARC 2019

Many other topics 


at J-PARC-HI !


