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Phase Structure(s) of Matter

Phase Diagram: How matter
organize itself under external
conditions.

Water Vapor

Temperature

/ Water: EM interactions

How about strong interaction,
matter with partonic degrees
of freedom?

- Basic interactions
- Structure, Organization

-

760mm Pressure

http://serc.carleton.edu/research education/equilibria/phaserule.html
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The QCD Phase Diagram and
High-Energy Nuclear Collisions

T Critical Point?
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Temperature

$¥ hadron gas
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Baryon Chemical Potential
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QCD Thermodynamics
foox =
RHIC LHC SB Ideal Gas\
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1) At ug= 0: cross over transition, 750 < T, < 200 MeV
2) The SB ideal gas limit: T/T ~ 10
4) Thermodynamic evolutions are similar for RHIC and LHC
S Zoltan Fodor, Lattice 2007 i
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Relativistic Heavy lon Collider (RHIC)
Brookhaven National Laboratory (BNL), Upton, NY

“PHOBOS

=y

- RHIC: The highest energy
heavy-ion collider in the
gees world!
-y %88 Dedicated QCD collider!
Au+ Au, Cu+ Cu,d+Au

# - RHIC: The highest energy
i polarized proton collider!

Vs =200, 500 GeV
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TPC

HFT

TOF

EMC+EEMC+FMS
(-1<n<4)

e f STAR Detectors: Fui2r particle identification!

DAQ1000

HLT

Nu Xu
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The separation between the
same-charge and opposite-
charge correlations.

- Strong EM fields
- De-confinement and Chiral
symmetry restoration
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Voloshin, PR C62, 044901(00).
STAR; arXiv: 0909.1739 (PRL); 0909.1717 (PRC).
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First Observation of sH—"He+x
. .
Sclencexpress Research Article
Observation of an Antimatter Hypernucleus
The STAR Collaboration* .
1 R 200 GeV Au+Au collisions at RHIC
140 — . Tl ! ] - Equilibrium of s-quarks
120 - ‘#%) 3 - Thermal models (Stachel et al. )
w 100F ) ¢ .
i R L+ - 450 ]
g 80 _ _: : PR180,1307(1969) ;
S eof : B ]
O 60 E‘ B 350 NPB67,
- O signal candidates . S r  __ PRL20, 269(1973) 4
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2.95 3 3.05 3.1 d?:,\ 150 4
3t~ + . 2 - --- free A (PDG)
He + " Invariant mass (GeV/c?) 1001 B <12 oo
. . - 50:_ I Dalitz, 1962
First observation of the anti-hypernucleus - PR136, 6B(1964) —— Glockle, 1998
of :

STAR Collaboration, see Zhangbu Xu'’s talk
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=t Partonic Collectivity at RHIC

Vsyy = 200 GeV 197 Au+"""Au Collisions at RHIC

1 1 T T T T T T T T T
25 [~ (a) Light quarks T (b) Strange quarks
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Transverse Momentum p-. (GeV/c)

Low p+ (= 2 GeV/c): hydrodynamic mass ordering
High p; (> 2 GeV/c): number of quarks ordering
s-quark hadron: smaller interaction strength in hadronic medium

light- and s-quark hadrons: similar v, pattern

=> Collectivity developed at partonic stage!
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= The QCD Ciritical Point

iEar/y Universe The Phases of QCD

£ Future LHC Experiments

rent RHIC Experiments
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Critical Point

Hadron Gas Superconductor

Nuclear
Matter Neutron Stars
-

900 MeV
Baryon Chemical Potential

RHIC (200) & LHC: Determine the
temperature T, , T,

- LGT prediction on the transition
temperature T is robust.

- LGT calculation, universality, and
models hinted the existence of

the critical point on the QCD phase
diagram* at finite baryon chemical

potential.

- Experimental evidence for either
the critical point or 1st order
transition is important for our
knowledge of the QCD phase
diagram®.

* Thermalization has been assumed

M. Stephanov, K. Rajagopal, and E. Shuryak, PRL 81,
4816(98); K. Rajagopal, PR D61, 105017 (00)

http://www.er.doe.gov/np/nsac/docs/Nuclear-Science.Low-
Res.pdf

|
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i High Moment Analysis (BES)

Net-protons, Au+Au 200 GeV STAR Preliminary
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1) High moments are more sensitive to critical point related fluctuation.

2) The 4t moment, Kurtosis, is directly related to the corresponding
thermodynamic quantity: susceptibility for conserved quantum
numbers such as Baryon number, charge, strangeness...

See HG Ritter’s talk
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STAR Collaboration: F. Liu, S.S. Shi, K.J. Wu et al.

Nu Xu

Observable™: Quark Scaling in v,

Vs, = 200 GeV Au + Au Collisions at RHIC (IV)

o A p+p %Q\.& NQ-scaling fit
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v, of ¢ will be small.

L* Thermalization is assumed!

In the hadronic case, no number
of quark scaling and the value of
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e STAR Run10 Physics Programs

EEEEEEEEE

STAR BUR .
Beam Energy (GeV) | 29 cryo-week In'days
200 56

o-
11 12-3n8

62.4 4 320-417 0

39 1.5 as-ap D (24M)

57 15 (33Mm) BES programs
18 16 (15M) (1) QCD T¢

11.5 2 e 19 (5M) (2) QCD phase

boundary
7.7 4 4215031 56 (5M)
9.5 0.5 612-5 S (0.1M)

Weekly planning info: http://www.c-ad.bnl.gov/esfd/RMEM_10/rhic_planning.htm
- - - - - |
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| TPC |
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Heavy Flavor Tracker at STAR
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2.0 200 GeV Au+Au Collisions at RHIC 1
(DO: 500M minimum bias events; |y|<0.5)
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Transverse Momentum P, (GeV/c)

Assuming D R, distribution as h*

500M Au+Au m.b. events at 200 GeV.

- Charm Ry, =
Energy loss mechanism!
Interaction with QCD matter!

Anisotropy Parameter v_ (%)

2

...| HFT Key Measurements
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200 GeV Au+Au Collisions at RHIC

Transverse Momentum P, (GeV/c)

25 :_ (D% 500M minimum bias events; |y|<0.5) —Z
20 |~ _Hydro model prediction _]
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Assuming D° v, distribution from quark
coalescence.

500M Au+Au m.b. events at 200 GeV.
-Charmv, =

Thermalization of light-quarks!
Drag coefficients!

Nu Xu
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=t STAR Physics Focus
/ <
\) o \) Polarized p+p program
) ‘ - Study proton intrinsic properties
[
; T Qlm -
» Y o Forward program
- Study low-x properties, search for CGC
L - Study elastic (inelastic) processes (pp2pp)
- . - Investigate gluonic exchanges
\L : "
Ve ™
s g Fa 1) At 200 GeV top energy
e Iy et - Study medium properties, EoS
e \ acrons B - pQCD in hot and dense medium
£ g S 5
- ) | 2) RHIC beam energy scan
0 ;/ - Search for the QCD critical point
. Net Baryon Density - Chiral symmetry restoration
Nu Xu
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Timeline of QCD and Heavy lon Facilities
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Study QCD Phase Structure in High-Energy Nuclear Collisions

Summary

1) New form of matter with partonic degrees of
freedom: evolution of the universe, QCD phase
diagram, critical point, ...

2) STAR at RHIC (Vsy, = 200 — 5 GeV): search for
phase boundary and the possible critical point.

3) CBM at FAIR (Vs = 9 — 2 GeV): new
international endeavor for the next few
decades’ QCD physics.

N. Xu
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, 94720 CA, USA



