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v 1) Introduction
e What is Quark Gluon Plasma?
= 1st order phase transition
v 2) What we learned at RHIC & LHC
e Properties of Bulk matter
e Beam Energy Scan at RHIC
v 3) J-PARC Heavy lon Program
e Experiment configurations
e selected topics

v Summary and prospects
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v 'Hadrons made of quarks and gluons
have a size of ~1 fm.

hadron gas
e e Described by QCD
v"When heated or compressed, they
overlap each other
P“fi‘,“gfafm‘;“rm Tp = Quarks and gluons move around in
P relatively large volume.
! Quark Gluon Plasma !
v Phase Transition between QGP and
quark-gluon-plasma v hadrons

T, p high
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Toy Model (Ideal Gas)

for QGP phase transition

Ideal Gas Model | /' o

Pion Gas /
Y
7 0 5

\
Te

Latent heat
- 1st order

A Op
e
— -
Te
T

—B

Stefan-Boltzman’s e = oT? B
f ; degree of freedom

B ; bag constant ) .
=>» Smaller Hydrodynamical Softening

Expansion at Tc
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Phase Diagram of QCD matter <5 ©

o-g”
Ph Diagram of D matter Phase Diagram of water
A many Lattice A
QCD =
T LHC Quark- Calculations *:;
| RHIC Gluon ;é_ Water Vapor
I Plasma =
| 100°C
! J-PARC Liquid
‘ Water
1st order 0°C
—_ﬁ—_ﬁh—_
Hadronic “ / o
=
> 760mm Pressure

Baryon Density UB

v'Recent Lattice calc. predicts 1st order at high baryon density (ug)
e On the other hand, at low baryon density, us ~ 0O, region of RHIC & LHC, crossover.
Critical Point expected.
v Just like the water, rich physics expected in phase diagram of QCD!

e To study the region of high us), we need J-PARC-HI
Yasuo MIAKE, J-PARC 2019 6



Features of Heavy lon @»yzm
Collisions v

€EQGP ~ 2 [GeV/fmg]
€QGP 2GeV K Freeze-Out t f Tkin Tch T,

< = >~ ~ N5
4,4 <mr> 1GeV > '//

il

QGP.
~N — ~ ———= ~ ] T,< 1 fmlc

Q S z
&
W %,

v At QGP phase, A, <{ Rsystem, hydrodynamical behavior

v 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
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=g @
History of Heavy lon Accelerationss »

o g

v Until RHIC & LHC,

Vsnn (GeV)
0000 . beam energy
LHC@CERN(2009-) S|mply goINg up.
1000 (— .
RHIC@BNL(2000-)
00— e v'Now lower energy
o L SPS@CERN(1986-) RYNICA(2021-) HI machine is
AGS@BNL(1986-) " FAIR(2025-) .
SVALAC - proposed In
| | (1974-1993) : G .
e T T ermany, Russia,
1970 1980 1990 2000 2010 2020 ° China and Japan
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 0, C, Ca ., Au 2-5A for the study of
202377 NICA. HIAF, p,,,U? 4-11A. () the phase transition,
Y 20267 J-PARC 2-6.2A Where and how 8
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Quark Gluon Plasma @ RHIC <2 -

Ly

v Key signatures of QGP

e 1) Characteristic Energy Loss of partons in
QGP ( “Jet Quench” )

4,,, .
= Radiative loss of partons
4_._ —
Characteristic in QCD
‘,,, .
¢ 2) Hydrodynamical flow of partons
SUQQression of high Qt hadrons QI.S.aD_D_e_aI:an_C_e_O_f_J_eis
Qﬁ 2—""'""|""|""|""|""|""I""I""l""l'L L
- e R, - dAumin. bias (PbGl) 10 R o d+Au FTPC-Au 0-20% 9
1.8F - ol Sw=200Gev . 4 T B T 3
E o Ry, - dAu min. bias (PbSc) 10 = 02 o o
LoE R,, - AuAu 0-10% centraldA EP 2 i — p+p min. bias ﬁs AR (09?) o
- = ) B 2
1'45 u 3 3 = - * Au+Au Central \)QQbV' o r
12F =In o - R
No suppression - £ 139 8 01— F B
: - 1 =2 i O
in dAu E jo 2 P 3
- = 3 ZI— - 4l . . 6\)‘\0 7] w
0.6F 18 = Lo Tt e ] R
04F % = % e T s LI 5*****W §
Suppression -> (|- 4 b 4 E 8 K pedestal and flow - 1 ()
in AuAu YRV FUTT FRVELFRUEE FRUTE FURTE FURTE FTETE PR N ) '_[|' 6155‘11
0 1 2 3 4 5 6 7 8 9 10 .
pr (GeVi/c) A ¢ (radians)
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Study of Hydrodynamical flow g ® '°

2nd Fourier ¥

Harmonics
o 5 5 L 2 2
Eccentricity in Y- — Eccentricity in Py — Py
Coordinate Eqcc = 5 2> Momentum 2 = ( 5 2>
Space Y-+ Space Dy T Pz
Initial State Experiment Final State

N4
Y
/ Comparison

Theory
Hydrodynamical expansion

(driven by density gradient)

Viscosity, EOS

» Experimentally, both initial & Final state can be determined.
vasuo MIAKE, J-PARC 200 And comparison of exp. and theory gives property of QGP 1©
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vz, 2nd Fourier Harmonics o2 s

o g

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

N N | | | | I | I I I | | _
: - Run2Au +Au at \IS_NN =200 GeV, Minimum Bias, fn| < 0.35 -
0 i - il

- A TH —
16 0.3 i mTn ]
& . BK+K |
[ _ i
o L 9ptp _
Q 02 _
> L .
Q n il
9 i : — hydro n 7
‘.6 - -
0 o B — hydroK
c N il
< - — hydro p -

0
| | | | | | | | | | |

Transverse momentum p; (GeVic)
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v 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)

e 2) Departure at high pt
region (> 1.5 GeV/c);

= Quark Coalescence

= Quark Number Scaling Seen
1
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centrality percentile

° o : ° ° § %
Viscosity (7)) from Higher harmonics 9% '
o
o g
Pb-Pb 2.76 TeV, 0-2% central
Event by event fluctuations of nucleon give 2 <pl <2.5 GeVlc
. < . . 1.015 * T3
higher order harmonics in hydrodynamics and Y 15<pi<2Gevic | P
found to be sensitive to viscosity of the fluid L Y S 08<lini<1.8 ®
(50 = 1005 4 b
3 N stey o e T
i 1= * 0’ ..Q'%" "" o
b 4 S 3
0.995(% i s o
Schenke and Jeon, Phys.Rev.Lett.106:042301 LN 4 LW 0
0.99 ¢ & Undf = N
/ _ | l i ndf_3§.3 /135‘ N
t=0.4fm TI S o 1.002; ' . A ] L\l
R S YU e LI TN T T TS L SR,
g o
0.998 * — + * — —_— :t]
300 0 2 4
A¢ [rad]
20 i 9 0.14 : : : E
200 x[fm] 012 | \‘;:23 i ﬁ/l_slcz)%-c;ata vn{2}, pr>0.2 GeV fﬂ?l
150 1 1 1t LY
Time evolution 0 2
100 g/\ 0.08 -
50 \>/C 0.06 -.o
10 O
. 0.04 1 )
xfm) s 0.02 9
% 10 20 30 40 50 N
@

n/s = 0.16

y[fm]

n/s ~ 0.20 at LHC,
: n/s ~ 0.12 at RHIC

v Very low viscosity |
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Study of Bulk property : N4
hadron production at Chemical Fr. o ¢-

m./m p?dp
T
0

22 e(Bi—pi)/T + 1
o | T T T T 1 L L Tz
5 1 [Fgeerer V) =200 GeV 12
: — 13
= i
§ o Nroy o7 T3
10 ¢ O ER
- — - 1o
L O STAR 18
10 E PHENIX . :
-/ BRAHMS o :
| —— T=160.5, u,=20 MeV T |
< | _ _
10 E T=155, u, =26 MeV — _
_l_l_l_l | l_ _1 1 l_l | . .L
AKpAEZEQKKpPAEZQddg¢ KA A
TK'p AEZEQa " an xaxapp KKAP

v Chemical Eq. model with T and us fits the ratios of particle yields very well

e Tc ; chemical freezeout temp., lower than T< ~170MeV, consistent with space-

time evolution of QGP
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RHIC-SPS-AGS

o T T T T T T T T T T T 1
S TE¥Y 9 4 oo s5,=130GeV E
5 -
-1 s = -
10 E — E
F ’_’_ 3
[ ] € RHIC 130GeV Aut+Au
2 o p 1 (T =165.5MeV, ue~38 MeV)
10 b ata _
: 2 :
- —— Model ]
| T=1655, 1,=38 MeV B |
10'3 [N N [N S N [N NN N N S B
T Kp A= QKKpAEQ K
 Kp AZ Qa1 x & a7 K K
= S A L B L L &« SPS 17GeV Pb+Pb
3 S~ 4 Vs=17.3 GeV 3 (T = 160MeV, us~240 MeV)
: :@.'86 o . :
Bl O T S
10 -E—} ik #ﬁ o) T T T T T T T T T
3 _% ER &
. T &1 E Vsy=4.85 GeV — -
2| SoBem T - .
10 & _Ac_rﬁgo SRR i \
- A NA44 [ NA57 0 E ! |
- O NA49 0 4x - | * + 5 ® |
-3 —  T=160, u =240 MeV 10 - — -
10 £ 1_1_1_1b1 L1l 09 = E N
TKpAEZQKKKpPAEZQR¢dERSQ i S )
TK'pAZQaaaadaxaxx Kp AE 3 ‘¢ ® -
-2
.- ® Data,dN/dy ¢ 4= =
AGS 4.8GeV AutAu ¥ £~ 5100 c57mev :
(T = 124MeV, us~537 MeV) e e e ——
T 5102&102A 5 E .&. A 1
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Summary plots of bulk property :
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Where is the phase transition? =
ere is the phase transition” PP
200F T > 0.08 '
- (a) Chemical Freezeout ch I o ®
0 Y N 0.06~ -
: P it A 4
2 A Kot o 0.04~ e ALICE
m X iInematica . v STAR
) ¥ b *F’eezewt T 5 § 00 & PHOBOS
£ ok *| 2 o0 ) PHENIX
0 Tch Tkln 0 '.; m NA49
- A World data P Q "ol © CERES
@ W STARBES < = ‘54 + E877
--- T, Andronic et al. 8 ' ' * EOS
ol - -T,, Cleymans et al. _ %’ -0.061— \ A EB95
H—t—+H—ttt—t+ O v FOPI
© | N 008 F L e
3 T
0.6 % *% 18 1 10 102 10° 10
E /@\_04_ + Radial Flow . .
8 = v Temperature & hydrodynamical flow
Q
? 4+ ~
e, ot data - stay constant? till ¥ Snn~ 10 GeV
m STAR BE
j v Then, things drastically changes in
1 IA)llll 1 1 lllllll 1 | lllllll | |
% 10 100 1000 4 Snn=2~10 GeV, could be the phase tr.
VSnn (GeV) Rigorous measurement at RHIC
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Beam Energy Scan Program
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oy
o-g"°
Beam Energy | \/snn (GeV) | ug (MeV)
(GeV /nucleon)
9.8 19.6 205
7.3 14.5 260
5.75 11.5 315
4.55 9.1 370
3.85 7.7 420
31.2 7.7 (FXT) 420
15.0GeV % 19.5 2 (FXT) 487
11.5GeV % 13.5 2 (FXT) 541
9.8 ( FXT) 589
7.3 3.9 (FXT) 633
45GeV % 5.75 5 (FXT) 666
o 4.55 2 (FXT) 699
# 20GeV ’330 3.85 0 (FXT) 721
3 35GeV &
Thin Au foil in

the beam pipe
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Results by now 02 e

o>

0> @

12_' 1 ST&#;/PHEN|x'(P'ré|ir'ﬁ.§/AI\L|CE' Da{ta '_

g i i

qa'm 10— —

W o BESH N

v'Rigorous measurement 1 i

B ‘IO%-S‘.’/O; m= (.).‘ZEil‘C::ueV o 1
going on at RHIC Beam — netproton, 10%-40%
BES2 | ~
_ 0.01—
Energy Scan Program g |
Y ' ° OF—-
v'"No conclusion yet! _
'At[.|+Au;'|y|<|0.E"> - N
c 0.4 < p, < 0.8 GeV (Published) — ><
% 0.4 <p < 2.0 GeV (Preliminary) £
£ BES-II 15
5 5
I I N 12
b B 9
< N
- 2
I il 1 (§)]
10 1% 10°
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Key signature for v

0% "9
° ° ° z@@g
Critical Point Search oo
WA Steshanov PRUTOTOSZ301E01D - f Fluctuation in the number
100
Probe of s of particles as a sighature
critical ig
int .. i
Pein 28J e At around the critical point,
4th order flux “SodT-b2 700 02 04 06 correlation length extended
OoT net-protons
A TFTT NetProton and the fluctuation modified
- 0.4<pT<2 (GeV/c),lyl<0.5 . o
~ ° o 0-5% 1 v 4th order fluctuations
[ | o 5-10% _
3; 1 % 70-80% : seems to have structure
S [t mmm UrQMD, 0-5% | ] ]
< 2 i{ $ 1 v Higher order, higher
N AN o N sensitivity. But requires
: ,% $ $ i I much higher statistics !
0 - "ll Ur) STAR PrFIiminary—_

" '10 2'0 50 200 = 6th order, T.Nonaka, S.Esumi
S (GEV) et.al.,, PRC95,064912(2017)
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RHIC BES is not enough
Accelerator Plans in the World

m«?’w‘
®f

o

0> @

Experiments at NICA 4,,=4-11 Gev

Nuclotron-based lon Collider fAcility (NICA)

[http://mpd jinr.ru/wp-content/uploads/2016/04/MPD_CDR_en.pdf]

S1S100/300
%\W \  CBM:FARDay-1
/ / 4 y Experiment!

CBM Beams
« 10°/s Auupto 11 GeV/u
« 10°/sC,Ca,..up to 14 GeV/iu NSF
10'"/s p up to 29 GeV (?

1 m \

Yasuo MIAKE, J-PARC 2019

Slides from Nu Xu @Tsukuba, March, 2018

High Intensity Accelerator Facility (023

S e B Fragment Separator and Spectromeler
o | - ”| u Pre-Separator Mol Soparator e e

SHE R R R

Setup for
Hypernuclear Study

. % . ) | I »
o
m Reaction Spectrometer

Gas-filled Recoil Separator

Low Energy
Irradiation Terminal

Low Energy Spectrome(er | I

v/ SNN — 1~3 GeV (20237)
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Heavy lon Acceleration M

at JPARC o%go@ .

E.,=1-19AGeV, Vs,,=1.9-6.2GeV (U)
lon species: p, Si,..., Au, U

HI Booster Ring I Hadron
- Syt iy Experimental

hall

50 GeV MR
3230 GeV (p)

T/V (p)

proton (existing)
HI (plan)

H- Linac: 0.4 GeV

v Only the HI linac and the booster is needed !

Yasuo MIAKE, J-PARC 2019
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Most important feature :
High Beam Intensity ™.

5 1°F TPARC HI T PARC Hl spgrade v 108Hz interaction rate
g1 gk can be achieved
s 10F —— =1 year @ AGS
T10°E = 5min @ J-PARC-HI
S1°F  NICA(fixed-target) (2019
100 NICA (2021-)
e v Besides the QCD phase
O — Eglsj diagram, as a a tool,
10E  MaxBaryon densiy 2020) many reasons to go for
1

| 1 1 1 .t '
10 It .
Collision energy \'s,, (GeV)

—h

e 1) Strangeness enhanc.

e 2) Baryon density

Yasuo MIAKE, J-PARC 2019 21
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1) Strangeness Enhancement °3 °

o g

v Most effective strangeness production

Nucl. Phvs. A772. 167(2006)

I[III\II | T

¥ . =
= + < 02 ¢ A E895 Vv E896
L i | < ® NA49
i ~ . O NA57,NA44
® STAR

02 : - 0.15
| - ¢?M;_ﬂ‘— d —— thermal model
T _ o
u

‘I\II|II|IIIIII]IIII]T—

llIIIJ||I|IIII|IIII|I

i AI ] 0.05
»—f -
0@} + HHHE b bbb bl b ol i o o
a0 107 108 "
11AGeV - Vsnn (GeV)
19AGeV
2
lg 10° z ﬁ
Phys.Rev. C98 (20 18) no.2, 024909 s - ;lD-
0.3 | central |y|<0.5 z ‘O‘i g:
=10’ 4 8
1 t RO Y s % o w
g 021 8 %ﬁ¥ * s 10f 3
o e g 1 ’l\.;
0.lfg -~ $ AGS/SPS | 10° o
e JAM cascade & STAR 102k =
0.0 ‘ Theorist claims that characteristic 10° bk N
3 4 56789 20 30 4050 bump cannot explain with hadronic » o
VSnw (GeV) cascade alone, it may suggest the N w
existence of partonic fluid. 10 10 107 10° 8
Yasuo MIAKE, J-PARC 2019 Vsw(Gev) 3 22
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2) Highest Baryon Density °3 -

o g

PRL, 93(2004)102301

- A AGS AGS
80 | \UDS y
| (ES02.E877,E917)
2l N
g i m SPS SPS Y,
S 'L ®RHIC s —
| BRrAHMS) iy y Y
2 a0 il 4
> | \ ) 0
g | s A ML
ZRUS w i 3
i T Goeem 7
O PR N ! PR SR T R SR SR S | |
-4 2 0 2 4
Yem
v Unlike Bjorken picture at RHIC and LHC, collisions at J-PARC-HI
follows Landau picture, where incident nucleus stops at Center of >
=
Mass -
e Baryon Density as high as ~10 po can be achieved by selecting rare
events

v Eauation of State at high baryon density

e Physics of neutron star, neutron merger

Yasuo MIAKE, J-PARC 2019 23



Configuration1: R

0% 9
. , A
Dipole Hadron Spectrometer oo”
V' Interaction Rate : <106 Hz Too vi 450
op view 3
" Magnet yoke °
v Charged particles (PID) + SRPeTOF >
neutrons = Il g
- dls
v ~4 &t acceptance c 5
R 3 I8
o Track : Si-Pix(6 < 40), TPC (6 > Target] EET T T 1 |fl 2|  zcAL
40), GEM 3
e PID : MRPC-TOF, Neutron 2m =S
counter 2 §
e Centrality : Multiplicity Counter
+ Zero-degree CALorimeter 3.5 15

Vv Flow, E-by-E fluctuation

Yasuo MIAKE, J-PARC 2019 24
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Configuration 2 ; 6% oy
S . S ‘ . \ ‘ Zi@g
Dipole Dimuon Spectrometer o a’

V' Interaction Rate: 107 Hz
Top 450
Magnet v Replace TPC by
| 4= e Pb absorbers (4 A 1)and GEM
Si-Pix ‘f }—7/ | trackers
LS \\3%{ L — e 7-layer forward and barrel
%90 et Si-Pix Trackers
Target | \’a
Magnet] 4/_11\\ v Low mass vector meson,
pole | | N\ heavy flavor
0.75 2.75

Yasuo MIAKE, J-PARC 2019 25



Configuration 3; A

Hypernuclear Spectrometer o e’

_— y:(‘;"e“’ ® V' Interaction Rate : 108
 MRPC-TOF ‘% | HZ
Sweep magnet (5T) R I g ‘:é .
| — SF v Sweeping magnet +
Target 5 Decay of - 4'3 .
l | vaern cleus _"',ﬂ » :ﬂ:J Colllmator
f ““"“I‘"']' ---- = ] zea
Beam | fragment o
we (BT P e Hypernuclei at beam
. 20 .om ° °
24m m He rapidity
Add a swegp magnet —_— . .
and a collimator e Collimator Selection by
E 15 Charge/Mass
v Hypernuclei, Strangelet
12C +12C at 15 A GeV °:He "2C 4\He

6,Be
6 4.H 5 CA
7, H H He 5,Li He

QfT | Ann\l j” 3“|“FF | L

| |
-30 -20 -1 30 40 cm

(anaH)  CanaH) 1, He 5Li *H -
(5 T/2.4 m magnet) " H o euH 5Ay8AI4-IeH i “He and D' baryon

No contamination from non-strange nuclei

Yasuo MIAKE, J-PARC 2019 26
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Strangelet Search 03 "o

Py
o g
. Phys.Rev. C76 (2007) 011901
Ordinary Nucleus Strangelet a1 = ._ev ( )
{ < 107} |
juemamedly Sl Ryttt i o\o %
= ‘:‘ T "‘f "‘:“T — & B
S | ELE = z N
u d u ; d ; Sg“,; . “‘ 2"-.,4*)
ms == 150 |V|eV
1000 T T T T T ] ™ - TN
\ Bl/4 e T
|\, pi) TS
1. 75 'WO CFEO r T T B
AR KH 175 — gi 102 103
050} . , 8 Life Time (ns)
938MeV === womy = V' Strangelet search in heavy ion collisions
- R o N + AGS E864, central, Au+Pb 11.6 A GeV/c
I | 8
L 65— O ¢ SPS NA52, central. Pb+Pb 158 A GeV/c
= \ e
= e s ¢ RHIC STAR, Proj. region. ¥ Sxn = 200GeV
Y W. CF]_,,,_ v'Indeed, best place for Strangelet search
asol o 140 ¢ High baryon density -> Larger coalescence
& 155 e Lower temp. & smaller flow -> Easier to cool
e 188 e Higher K/pi -> Higher s density, larger distillation effects
: R 180 o At J-PARC-HI, 10° ~1010 is easy level
000 '2(1,0' - 4:,; ' "6';0'“ ‘8(1,01 000 = Strong Sweeping Magnet + Hadronic Calorimeter

Yasuo
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Study of Hyperon Interaction by

15

10

Fegr (fM)

;-\ K T T T I T T T T ] T T T T ] T T T T '- :\
S 3Fa@)  ALICEp-Pb s, =502TeV - =
_ +0.001 ]
i ro=1.427 + 0.007 (stat.) 0014 (syst.) fm 1
25 W8l pp ® p-p ]
C = Coulomb + Argonne v, (fit) i
oL i 105 1
- ¢ i
- ) -
% -
1.5 i °¢ 1]
100 150 200
k* (MeV/c) A
1 = '),;_;,ULX e e e
Er PR BN S U S DR E |
0 50 100 150 200
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Summary and Prospect 02 "o
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v J-PARC-HI provides unique opportunity to study QCD phase structure
and EoS of dense matter
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= EoS of neutron star 10 &t
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e Highest Strangeness Production Ratio LA O O O
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= Hyperon interactions, Hyper Nuclei, Strangelet 10
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V' Phase-0 pA experiment (E 16) will start in 2020 = 'PA
v J-PARC-HI on Master Plan of Science Council of Japan in 4
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