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QCD 1HE#
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OCD Phase Diagram
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OCD phase diagram (Exp. & Theor. Studies)
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How do heavy-ion collisions look like ?
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Highest Density Matter at J-PARC ?
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OCD Phase Diagram
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L OCD phase diagram ?
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Horn, Step and Dale

s Non-monotonic behavior in K'/ n" ratio (Horn), m_ slope par.
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Nuclear Liquid-Gas Phase Transition

# Caloric curve — LG phase transition
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L OCD phase diagram ?
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Net-Proton Number Moments & Directed Flow
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OCD Critical Point Search I
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QCD Eg5R K (Critical Point)

s Crossover E— REEBZOLECH
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Conserved Charge Moments
s BRRDBAUE - REFY—UDE—AVF (cumulant)

Son, Stephanov ('04); Fujii, Ohtani ('04); Hatta, Ikeda ('03); Stephanov ('11); Friman,
Karsch, Redlich, Skokov ('11); Fukushima ('15)

1 O"logZ ,. u
Vs opn M=)

# Scaling function analys1s Friman, Karsch, Redlich, Skokov ('11)
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Rio =ci/co = M/o? R3s = c3/ca = S0?, Ryo = c4/co = ko?
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QCD Eg5R K (Critical Point)
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LET—%
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Data vs Lattice QCD
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As a game

« ¢cg@/ce® on a freeze out line? I

v Freeze-out line not i1denfified at strong coupling

v Simple assumption: const.xT(ug)/T(0)
const.= 1.44(~aT(0)scL)[A]. 1.3[B]

T(HE) = a - bugz - CHB4 J. Cleymans et al. Phys Rev. C73 (2006) 034903

a~0.166 GeV, b~0.139 GeV-1, ¢c~0.053 GeV-> 7
n@)
B
wWT=02/ e AFMC&x4 —B—
16 ¢ f 6ix4 ——
6X6 —d—
= - A D
12f T TS e B=m=-
— Vs -
B o . TNBpuwT=08 7
04 t EJ Ichihara, Morita,
AO ('151
G 1 1
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Rough estimation

On a freeze-out line ? Sl o i
BB%A

| : |
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«  Small u
I CB(4}

v Ry4:Bdecreases (but still above 1here) Large u/T

- Large
v R4, increases due to large peak heights away from negative : I
region (but not so far) = Uk Small (/T

— Suggestive results? See also XU, Nu’s talk on the first day:

consistent with V. Skokov’s result (QM 2012 presentation)? I(freeze out)
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EERRIEBZ =0 7

s AR%ETIIEF QCD ICHESRHESHY

°* TAS—EH @ p=0
K’ ZHBEBEETRODBICIE, DIGKEL 6 RDE—AVMDME
Bazarov, et al.('14); Bellwied et al.('13); Gavai, Gupta ('05), Allton et al. ('05); Ejiri
etal. ('04)

° HR p TORF BHENGREIXITHOITLEL,

Jin, Kuramashi, Nakamura, Takeda, Ukawa ('15); Ichihara, Morita, AO ('16).

s Diffusion D& BDT=. Freeze-out RDIFED A TITRFESLLY

E.g. Sakaida et al. ("'14)

s RROEAF U EHERTRIAXHNER

LT ~ 2.4-3.6 Karsch, Morita, Redlich ('15)
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EOS softening
probed by collective flows
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s Directed flow (v , <p >), Elliptic flow (v,)
— HRAMICESNA. BEBEOKREHFEX (EOS) [SHU

Out-of-Plane Flow
y (v,<0)

L \Tf Vo = (cos 26)

cal neg. slope

X

In-Plane Flow
v, > 0)
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OS D softening

1500 T | | | T T
T~ 1.2 0 0 . B
] « w P. Danielewicz, P.B. Gossiaux, ~ [ B.A.Li, C.M_Ko,
= 1.15 ® ef A
. *»R.A. Lacey, nucl— 79808013 & T PRC58 ('98):1382
£ 14 J e} -
: I
1.05 2 g !
& so00l— ePéL —
;
0.5 supersoftlti:?ill e _,ca;c;dl;
09 o_' 02 Toa s o8 1 iz a4 Qo“'_;I e e ]
py (fm™) Energy density (MeV/fm?)
U-E T T I
ng=0 HQEoS T=100MeV
---- EDS Q) 500 — e : - .
|| — SM-EOS d [ Maxwell
0.6 Q £ 400 | B Metastable
ot . = 00 Unstable
E I H. Song, U. W. Heinz, S |
=04 PRC77('08)064901 - 2 e Y
g —_
B g 200 F \\\\ : d
o2l i o | J. Steinhei u\\ Ra p, V. Koch,
! © 100 | : Iﬁu‘%\ ]
[ ) o PRC89('14) v:’wa‘a\
[ ] 5 = |&\\
0 'l é '3 4 0 2 4 6 8 10
¢ (GeViin®) Density [p,]

Previous analyses: p ,=(3-10) p,, P=(80-700) MeV/fm’




Negative Directed Flow

4 \/SNN >10 GeV [THLVT dv,/dy (proton) <0

s FRAEREEY nvanov, Soldatov ('15) ”_‘ "10-40% Centrality s |
@ Hadronic EOS TlXiRBAA TR 0.02 | 'Eiéi -
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@ \s <20 GeV TlXHBAF f e e
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NFOEXEREEY

s Boltzmann AR (+ RTUIvILHER) I\ v U
9 E.g. Bertsch, Das Gupta, Phys. Rept. 160( 88), 190 3
f

3¢ +v-Vf—=VU- -V,f=Il.n 2/ G 4
Leon(r,p) = —%/ (6255)2 dS} U12 [ffz(l — f3)(1 — f1)) — (12 <> 34)]

s BN EOS softening 1B % Attractive Orbit TiBEN
Danielewicz, Pratt ('96); Sorge ('99); Nara, Niemi, AO, Stoecker ('16)

o HELRIC 2 HIFAEISARANDREAE Y
=R — glﬁ;ﬂl%’é simulate
(Vir =

FZP#'JQ.W&#ZEJ&.J* (ri — ;)

(2.7)
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# Virial

GZZP@'IW;

%%Zzi:prw—z;vi(]'ri*‘%t Z q; - (ri —r;)|=3VP

collision

Kinetic  Potential pressure from Collisions

# Attractive / Repulsive Orbit Scatterings

o BEFBIEAIISUTAL - BREBOEHAADEEITED
@ Attractive orbits — AP < (0 (softening)

@ Repulsive orbits — AP > 0 (hardening)

# Boltzmann Eq. simulating a given EOS
P > P(g) — Attractive orbit, P > P(¢) — Repulsive orbit
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Directed Flow with Attractive Orbits

Nara, Niemi, AO, Stocker ('16)
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Mean Field + Attractive Orbit

Nara, Niemi, AO, Stocker ('16)
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Softening of EOS by Attractive Orbits

Ap=-— 0 (b= p)(x=x) H. Sorge, PRL82('99)2048.
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Nara, Niemi, AO, Stocker ('16)

Pressure in simulated EOS ~ EOS-Q (e.g. Song, Heinz ('08))
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At which density is the softening required ?
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FEH

s EAAUEETERRE QCD —XHBEBITIRA =DM ?
s QCDERR RIZR A= ? — Not yet.

@ Net-proton number cumulant [IEEFRDFEEZGHESH.
ZLDAEHEZSATEY., FEETELGLY,

@ cumulant O IEFEGF. BN EHERLOBAEHENDE
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@ Negative directed flow 5 EOS DER{EABLE Sk
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o HHEEE DRI (Crossover or —R ) REICIXSSLEAHARISADE
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Crossover & —RIAEGBILHIFI TEH0 ?

s TRMEEHBEOS: T 1, dv/dy<0,v,1
s Crossover EOS: T —, dv/dy>0,v,1
s Hadronic EOS:T 1 , dv/dy>0,v,—
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Nara, Niemi, AO, Steinheimer, Luo, Stoecker, arXiv:1708.05617
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EOS-Q (Ist order) and y-over (crossover at u=0)

Nara, Niemi, AO, Steinheimer, Luo, Stoecker, arXiv:1708.05617
EOS-Q (Sollfrank et al.("97)), y-over (Steinheimer et al. ('11))
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