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target experiments are
much more efficient

or region pg > 500 MeV,
syn < 5 GeV, fixed-

Baryon Chemical Potential ug
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LHC, RHIC, FAIR

(1) 2000 - 2012: RHIC, LHC

1) sQGP: strongly coupled QGP, n/S =>0, ideal fluid.
2) At uyg=0 smooth cross over.

(1) 2010 - 2014: RHIC BESI (20<pg<420 MeV, 2002\s,,27.7 GeV)

1) sy <15 GeV, ug=300 MeV: Hadronic interactions become
dominant.

2) Collectivity and fluctuation results hint phase transition. However,
more data are needed to confirm. RHIC BESII and FAIR CBM.

(1l) 2018 and beyond:
Collider: RHIC BESII (7.7<Vsy < 20 GeV, 420 2z2300 MeV)
Fixed-target: FAIR CBM (s, <12 GeV, pg> 300 MeV)

1) High luminosity, new detectors
2) Physics focus: Cp, Pb and Qm
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= STAR Detector System {
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=21 Particle Identification at STAR
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Charged hadrons

Neutral particles Jets & Correlations High p; muons Heavy-flavor hadrons

Wide acceptance plus excellent particle identification
Multi-fold correlations for identified particles!
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Au+Au at 200 GeV
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Au+Au at 39 GeV
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STAR PID for (17, K, p)

Au+Au at 7.7 GeV
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-1 Run 10: 200, 62.4, 39, 11.5 7.7 GeV

A great success, many thanks to CA-D!
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1) Successful run, all goals were reached or exceed
2) Many thanks to CA-D
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-1 BES-Il: e-cooling, ITPC Upgrades @

102 A. Fedotov, W. Fischer, 2012
X

1x1027

1x1026

1x10%

1x10%

Luminosity 1/(sec.cm?)

1x10%5

4 6 8 0
Relativistic Gamma iTPC Upgrade In<1.1=> |r]| <1.7

_-- ) Crucial for BES-

Increasing factor 3-5 iil) Important for eSTAR

1) BES-Il at Vs < 20 GeV
2) RHIC e-cooling will provide increased luminosity ~ x3 - 10

3) STAR iTPC upgrade extend mid-rapidity coverage — beneficial
to several crucial measurements
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Facility for Antiproton and lon Research: FAIR

[ Primary beam }

- 10%/s; 1.5 GeV/u; 28U = m= [
« 10"9/s 23873+ yp to 35 GeV/u
* 3x10"3/s 30 GeV protons p-Linac  SIS18

(Secondarv beam W 7@
* range of radioactive beams up to

1.5 - 2 GeV/u; up to factor 10 000
higher in intensity than presently
« antiprotons 3 - 30 GeV

; ./ 7,
[ Cooling & Storage Ring /( panda
* radioactive beams /
« 10" antiprotons 1.5 - 15 GeV/c,
stored and cooled




The Compressed Baryonic Matter Experiment: CBM
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1) FAIR will provide the brightest HI beam starting 2018
2) High precision for the physics at high baryon density



1 Particle Production in 25 GeV Au+Au Collisions (@

ZF|§5 and thermal modeIS
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Future Direction

High luminosity
High precision
High baryon density

- origin of mass
- broken symmetry
- connection to cosmology
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lEaﬂy UL The Phases of QCD Observables:

LHC Experiments

15t order phase transition
(1) Azimuthally sensitive HBT
(2) Directed flow v,
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170 Mev— Sossover. Partonic vs. hadronic dof

| l '._'._;: 7 (3) Raa: Nucl. Mod. Fact.

Critical Point =

] (4) Charge separation

Superconductor _
_ (9) v, - NCQ scaling

Hadron Gas

Nuclear
/ Vacuum Matter Neutron Stars
0 MeV~

I. 1 1

0 MeV 900 MeV Critical point, correl. length

Baryon Chemical Potential

(6) Fluctuations

Study QCD Phase Structure

- Onset of sSQGP Chiral symmetry restoration
- Phase boundary and critical point

- Chrial symmetry restoration
BES-I: Vs, =7.7, 11.5, 14.5, 19.6, 27, 39GeV

(7) Di-lepton production
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Study Global Chiral Effects at STAR

7
Hot/dense QCD Medium
Parity odd domains form
Initial Angular
External Momentum =
Magnetic Fleld Fluid Vorticity
Chiral magnetic Chiral vortical
effect (CME) effect (CVE)
(electric charge) (baryon charge)
z
Reaction /_.
plane B
(¥e) \, "
Y (defines \¥y)
\_

Chiral Vortical Effect
N\-proton correlation measurement:

T ‘ ‘ ‘ ‘ ‘ | |
0018 " 200GeV Au+Au Collisions at RHIC |
0.01 - %& |
0.005 -

(STAR Preliminary)
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Q
(@]
V' 01 | - — -
' A A-p and A-p correlations
0.015 1 O A-p and A-p correlations |
| L | L | L | L |

80 60 40 20 0

Collision Centrality (%)

1) The opposite baryon number (A-
pbar or Abar-p) correlations (OB)
are similar

2) The same baryon number (A-p or
NAbar-pbar) correlations (SB) are
lower than that of the OB, as
expected from the CVE.

D. Kharzeev, D.T. Son, PRL106, 062301(11)
D. Kharzeev. PLB633, 260 (06)

D. Kharzeey, et al. NPA803, 227(08)
J.F. Liao, arXiv: 1401.2500, IAS



Charge Separation wrt Event Plane

(H - Hog) x 10°

L L S S IR I 0.15 ‘(17 ()Kgch Kgch .
-+ STAR AuAu 200 GeV| _| < A 200GeV O 39GeV
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* URQMD N X " o
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< 02 o) A 200GeV O 39GeV
o o) |
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8 -0.1 —
— same charge ] \ 0.2 - ]
— opp charge ] STAR Preliminary
0.6 S S N P > B e 40 )
70 60 50 40 30 20 10 Collision Centrality
(V)
% Most central LPV(CME) disappears: with neutral
STAR PRL113 052302 14 arX|v 1404 1433 .
Sl 4), —— hadrons:
20— Au+$u 30 60% -
[ % ) 1 LPV(CME) disappears at low energy:
| -| =»hadronic interactions become dominant
: 1 at Vsyy $11.5 GeV
0— :
i 1 STAR: PRL. 103, 251601(09); 113, 052302(14)
A BES I error projection_ 1 D.Kharzeev. PLB633, 260 (06)

x P D. Kharzeey, et al. NPA803, 227(08)
10 102 103

\'syn (GeV)
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(a) CME: (b) CVE:
i ' b=4fm —
i bh=8fm =eeeeeeen
1 b =12 fm e
101
o100
3 10 |
10"
109 L 1 L L
0 0.5 1 1.5 2 2.5 3
7(fm)
External magnetic field: External angular momentum
Partonic process: _ .
1,= 1/m, =1 - few fm/c Mo_re important at high baryon
. region?
Hadronic process:
L 1,=1/m,=0.2-1fm/c ) L )
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Understanding the Global Chiral Effect
- untested QCD basic property

CME vs. CVE?

Partonic vs. hadronic?
Quantitative predictions?
Other physics backgrounds?

e
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BES v, and Model Comparison

0-80% Au + Au Collisions at RHIC

lll‘
sssssssssss

200 3927 196 1.5 7.7 (GeV) 200 39 27 196 11.5 7.7 (GeV)
0.04 |- (a) -+ (b) —
— Exp. data Hybrid model Exp. data NJL model
%é 0.038 |~ ® p n p | e p m=mm B
_S% A A nin K A A =
[r—
S 0O K T 0 K o Ry=1.1
8 o002 X -+ X, —
N v o SLELEREL A
? ‘\\\‘\‘\ Ry=0.5
\ LI
/T \8
£ o001 i . -+ ) 2 — -
®©
=4 nt = at Ny
> ol ’m@‘gﬂw‘*‘“ﬂ“”'m _________ _ el;l ;}5'5' ,,,,,,, D 77777 L
v Ly vy
| | | | L 11 | | | |

0 100 200 300 400 0 100 200 300 400
Baryonic Chemical Potential ug (MeV)

(a) Hydro + Transport: consistent with baryon data.
[J. Steinheimer, V. Koch, and M. Bleicher PRC86, 44902(13).]

(b) NJL model: Hadron splitting consistent. Sensitive to vector-coupling, CME,
net-baryon density dependent. [J. Xu, et al., arXiv:1308.1753/PRL112.012301]
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Higher Moments

|||‘
EEEEEEEEEEE

100 | B o . | 1) Higher moments of conserved quantum numbers:
. X4 . . . .
5 1 ug=0 Qe Q, S, B, in high-energy nuclear collisions
8.0 r 1
% 2) Sensitive to critical point (§ correlation length):

4:0 at. N <(6N )2> ~ &, <(6N )3> ~ £ <(6N)4> ~ &

3) Direct comparison with calculations at any order:

0
20 e )
LS ‘% % d g 4 +S8
o , , T [MeV]
150 200 250 300 350 400 450

0.0

10° =_0.4I<pT<O.8 (]GeV/c) - IAulAuICelxtrall Colllisi]ons_E
= yl<05 ¥ 7.7GeV 1
e m 11.5 GeV | 4) Extract susceptibilities and freeze-out
107 ® 39GeV : . :
o AR Proiminary ] temperature. An independent/important test of
"qEJ 10°E r X E thermal equilibrium in heavy ion collisions.
> o £} §
LLI 10° . ¥ References:
g 'i* - - STAR: PRL105, 22303(10); ibid, 032302(14)
108 % E - M. Stephanov: PRL102, 032301(09) // R.V. Gavai and S. Gupta,
- P - PLB696, 459(11) // F. Karsch et al, PLB695, 136(11) // S.Ejiri et al,
U= - PLB633, 275(06)
20 10 O 10 20 30 40 50 - A. Bazavov et al., PRL109, 192302(12) // S. Borsanyi et al., PRL111,
Net-proton 062005(13) // V. Skokov et al., PRC88, 034901(13)

e
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Higher Moments Results

‘l BESII l BESI Net-proton results:
_ ‘ _ 1) All data show deviations below
e Poisson for ka2 at all energies.
error ..
S T [ — o Larger deviation at Vs,,~20 GeV
AV . . .
c o8l -C | 2) UrQMD is monotonic behavior
< I .
o i O 0O : $ (a) STAR net-proton data STAR: PRL112, 32302(14)/arXiv: 1309.5681
o O 6 [ T T o o/ |
FONR O 70-80% @ 0-5% Net-charge results:
()] : | (lyl<0.5; 0.4<p;<0.8(GeV/c)) 1 N t . b h .
Z 04} : samo-s% | 1) Nonon-monotonic behavior
| | e Polsson 2) More affected by the decays
10 :L ~ AurAuColisionsatRHIC STAR: arXiv: 1402.1558
: : P. Garg et al, PLB726, 691(13)
(QV I I | i
S 1 3@##@% ____________ *ﬂ ______ BESII needed:
o °F o b Higher statistics for collisions at
S | | i
_CCU I T : (b) STAR net-charge data \/SNN < 20 Gev
Q? .10} ' O 70-80% @ 0-5% | ]
= 10:“ ¢ i (10,5, 0,242 0(GVIC) Future measurements._
z ¢ | i NBD (0 - 5%) . - Wider kinematic region
. g e - Lighter symmetric systems -
5 10 20 50 100 200

Colliding Energy \/SNN (GeV) central collisions Si+Si, Cu+Cu,

Nu Xu The 5t Asian Triangle Heavy lon Conference, Osaka, Japan, August 5-8, 2014 20/22



>
/—\‘ /\
wa

EEEEEEEEEEE

Directed Flow v,: Softest Point? @

1) Net-proton slope changes sign

0 ' : ' _
 10-40%Centrality __ e | twice between Vs, = 7 — 39 GeV
-0.02 yk/‘ - |
i P +/ | 2) EOS softest point?
-0.04 "+ a) antiproton-
i |1 3) Model calculations yet to
i . ' i reproduce the observation
T 0.01- \ b) proton -
§ S { 4) BESII improvement:
S \ ¥ .
R || S S S - — |mproyed.react|on plane
© I \Q ‘/t/f . determination
S — - systematic centrality dependence
18 c) net protont analysis
0.01 "\ )* e - Connection to EOS?
\ —
7~
\\ /( STAR: PRL112, 162301(2014)/aiXiv:1401.3043
O N S o DataT [1] D.H. Rischke et al. HIP1, 309(1995)
| 8 [2] H. Stoecker, NPA750, 121(2005)
i . UrQMD
o R pa—— [3] J. Steinheimer et al., arXiv:1402.7236
2 [4] P. Konchakovski et al., arXiv:1404.2765
10 s, (Gev) 10
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LHC, RHIC, FAIR

(1) 2000 - 2012: RHIC, LHC
1) sQGP: strongly coupled QGP, n/S =>0, ideal fluid.

It is time to discover the QCD critical point!

“The Iandmarkln the QCD phase dlagram

(1l) 2018 and beyond:
Collider: RHIC BESII (7.7<Vsy < 20 GeV, 420 2pg> 300 MeV)
Fixed-target: FAIR CBM (s, <12 GeV, pg> 300 MeV)

1) High luminosity, new detectors
2) Physics focus: Cp, Pb and Qm
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