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1) QCD is the basic theory for strong interaction. Its degrees of
freedom are well defined at short distance.

2) Little is known regarding the dynamical structures of matter that
made from q, g. E.qg. the confinement, nucleon spin, the QCD phase
structure... Large ag and strong coupling — QCD at long distance.
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Beam Energy Scan (I) at RHIC

BES-I: Vsyy=7.7,11.5,19.6, 27,39GeV  Observables:

Study QCD Phase Structure
- Signals for onset of sQGP

- Signals for phase boundary (1) Azimuthally HBT
- Signals for critical point

15t order phase transition

(2) Directed flow v,
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(4) Dynamical correlations
(5) v, - NCQ scaling

Crossover
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Hadron Gas

Superconductor (7) Di-lepton production
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Relativistic Heavy lon Collider @
rookhaven National Laboratory (BNL), Upton, NY
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- RHIC: The high-energy

heavy-ion collider

(i) Dedicated QCD collider
(ii) Vspy = 200 - 5 GeV

(iii) U, Au, Cu, d, p

- RHIC: The highest energy

polarized proton collider!
Vs = 200, 500 GeV
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=11 Particle ldentification at STAR

BERKELEY LAB
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Charged hadrons

Neutral particles Jets & Correlations High pr muons Heavy-flavor hadrons

Multiple-fold correlations for the identified particles!
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STAR PID for (7, K, p)

Au+Au at 200 GeV

Au+Au at 39 GeV

7.7 GeV

Au+Au at
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STAR Detector Configurations

I

2001-2010 u d s
2010 TPC + TOF u, d, s + dilepton
2013 TPC + TOF + MTD

ud s c b+
2014 TPC + TOF + MTD + HFT  dilepton

= STAR: Large coverage, excellent PID, fast DAQ

- detects nearly all particles produced at RHIC
- multiple fold correlation measurements

- Probes: bulk, penetrating, and bulk-penetrating

= STAR: Perfect mid-y collider experiment

= STAR: Expanding into forward rapidity regions
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1) Hadron Spectra

sy = 39 GeV Au+Au Collisions
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Au+Au

9 30-40%
40-60%
60-80%

GCE

O 200 GeV
(1 62.4 GeV

STAR Preliminary ¥ 39 Gev
. ® 11.5GeV STAR Preliminary

— Cleymans B 7.7 GeV
— Andronic ’

llllllllllllllllllllllllllllllllll

—02 04 06 08 0" 0402 03 04 05 08 07
g (GeV) (B)

Chemical Freeze-out: (GCE) Kinetic Freeze-out:
- Central collisions => higher values of - Central collisions => lower value of
T., and ug! T,;, and larger collectivity 8

]

- The effect is stronger at lower energy. - Stronger collectivity at higher energy
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1) Direct radiation, penetrating-bulk probe, great addition to STAR!

2) Beam energy, pr, centrality, mass dependence (8-10x more events):
R, Vo, radial expansion, HBT, polarization, ...

3) HFT/MTD upgrades: key for the correlated charm contributions.
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BES Dependence of Di-electrons
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1) With in-medium broadened rho, model results are consistent with
experimental data (m_, < 1 GeV/c?) at Vs, = 200, 62.4 and 19.6GeV

2) In Au+Au collisions at 200GeV, the centrality and p dependence
results on data/hadronic cocktails (m,, < 1 GeV/c?) understood with
current model calculations

Nu Xu
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=) (3) BES Dependence of Ry,
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1) Suppression of high p; hadrons: one of the key signatures for the
formation of QGP in high-energy nuclear collisions

2) The suppression was not observed in low energy Au+Au
collisions, especially for sy, < 11.5GeV
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(4) Local Parity Violation

iIn High-Energy Nuclear Collisions

2 =

e ¥ HJING -

a HUING +v, .

* uURQMD ]

= MEVSIM

—— same charge

— opp charge ]
Lo

0.6 7
70

i II :IE L1 1 11 11
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<cos(¢a + @5 — 2‘IJRP)/

The separation between the

same-charge and opposite-
charge correlations. 1) Parity-even observable,
assumptions must be tested
2) Energy dependence & UU collisions

- S. Voloshin, PRC62, 044901(00).

- Strong external EM field
- STAR: PR103, 251601; PRC81, 054908(2009)

- De-confinement and Chiral

symmetry restoration
RANP2013, Rio de Janeiro, Brazil, September 23 - 27, 2013
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Dynamical Correlations
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(1) Below s,y = 11.5 GeV, the splitting between the same- and opposite-sign
charge pairs (SS-OS) disappear

(2) If QGP is the source for the observed splitting at high-energy nuclear
collisions = hadronic interactions become dominant at Vsyy < 11.5 GeV
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(5) NCQ Scaling in v,
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In the hadronic case, no number
of quark scaling and the value of

v, of ¢ will be small.

L* Thermalization is assumed!

Nu Xu
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Collectivity v, Measurements

STAR: Phys. Rev. Lett. 110 (2013) 142301

[ Au+Au, 0-80% *E=-E" |
| m-sub EP Opp |

T

115 GeV 62.4 GeV Au+Au, 0-80%l[ 11.5 GeV 05 %~ |Il 62.4 GeV 1-sub EP] 0.08;

m;-m, (GeV/c?) \/Syy (GeV)

1) Number of constituent quark (NCQ) scaling in v, =>
partonic collectivity => deconfinement in high-energy
nuclear collisions

2) At Vsyy < 11.5 GeV, the v, NCQ scaling is broken
Indicating hadronic interactions become dominant.
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”\

Al Lol
100

- Disappearance of QGP Signatures (¢
Parton energy loss “Local Parity Violation”
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= (6) Higher Moments

BERKELEY LAB

# ot
x

100 | B . 1) High moments for conserved quantum numbers:
. L4 . . . .
T Qe Q, S, B, in high-energy nuclear collisions
8.0 r 1
a 2) Sensitive to critical point (¢ correlation length):
o0 &l open: Nt=4

of i v =g (ovy) =g, ((av)) =g

© adm
20 | o) !ﬁ ) %
%‘3‘% d g 2 & 38
“ . ‘ T [MeV]
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3) Direct comparison with calculation at any order:

0.0

10° iI_O.4I<pT<O.8 (IGeV/c) - |AulAulCeII'\trall Colllisilons_i
E lyl<0.5 ¥ 7.7 GeV 7
10°E m11.5GeV | 4) Extract susceptibilities and freeze-out
= e 39GeV 3 : .
o L sraR Protiminary ] temperature. An independent/important test on
C 10°F r X, E thermal equilibrium in heavy ion collisions.
q>) u l..ﬁ ]
LLl 10% . ¥ 7  References:
s " ¥ | - A. Bazavov et al. 1208.1220 (NLOTE) // STAR: PRL105,
108 '-5 E 22303(2010) // M. Stephanov: PRL102, 032301(2009) // R.V. Gavai
N ¥ ] and S. Gupta, PLB696, 459(2011) // S. Gupta, et al., Science, 332,
1wl - 1525(2011) // F. Karsch et al, PLB695, 136(2011) // S.Ejiri etal,
20 10 0 10 20 30 40 50 PLB633, 275(06) // M. Cheng et al, PRD79, 074505(2009) // Y.
Net_proton Hatta, et al, PRL91, 102003(2003)

1
Nu Xu RANP2013, Rio de Janeiro, Brazil, September 23 - 27, 2013 19/25



~

1=
©
O 05~
12— Ei
AN B P .
o T O S e
v F |7 4 Bla-s
0.8 o Q- § Q
E .......... ]
C 1.1 —
105 | B :
o T e e E
o =L . s I | B ST oo NURENS L - S =
a  TETTET NS % % %$ -
© 095 F [ ° ol e 3
2 09 - - STAR Preliminary4
567810 20 30 40 100 200 300
Sy (GeV)

STAR net-proton results:

1)

All data show deviations below
Poisson beyond statistical and
systematic errors in the 0-5%
most central collisions for ko2
and So at all energies. Larger
deviation at s,y ~ 20GeV

Independent p and pbar
production also reproduce the
observed energy dependence of
kKo? and So

UrQMD model show monotonic
behavior in the moment products

Higher statistics needed for
collisions at Vs, < 20 GeV.

Nu Xu

RANP2013, Rio de Janeiro, Brazil, September 23 - 27, 2013

20/25



~

/\l A
freeeer

||||

Net-proton Higher Moment

Expected statistical error from Run 14
Au+Au CoII|S|ons at RHIC

\L \ \

L R I - e N Rty -

T e @ e (@ 0 @O T

Q\|

bos| 9 ® i e B A

2 [+ e 5 I
0.6 —+ .

0-5% Au+Au collisions S
hetprotons STAR Preliminary
04 | l |y|< 0.5, 0. 4<pT<‘O .8 (GeV/C) | ‘ ‘ ‘ ‘ N
5 10 50 100 200 100 200 # 300 400

Colliding y Vsyy (GeV) Baryonic Chemical Potential ug (MeV)

Nu Xu RANP2013, Rio de Janeiro, Brazil, September 23 - 27, 2013 21/25



11025 A. Fedotov, W. Fischer, 2012
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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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~=11 Exploring QCD Phase Structure
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Summary

(1) In high-energy nuclear collisions, sy, = 200
GeV, hot and dense matter, with partonic
degrees of freedom and collectivity, has been
formed

(2) RHIC BES-I:
[partonic] < ug ~ 110 (MeV) (s, =39 GeV )
[hadronic] > pg ~ 320 (MeV) (s, < 11.5GeV)

(3) RHIC BES-II: focus at Vsyy < 20 GeV region
with higher luminosity (x10) + ITPC:
Run18 (2017)
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STAR: Upgrade Plan
- HFT: Charm - QCD phase AA: HFT": B, A¢
- Di-lepton structure Jet, y-jet
sQGP properties - Critical Point pA: CNM, p-spin

) -
e o) ots e o zoh jaote.

J|:HI5;I, (e,m)
—

HFT/MTD

N

e-Cooling, iTPC

HFT’, Tracking, EM/HCAL (West side)

“ physics “ upgrade 1
| |

‘ BESII \

H HF-II, p,A “

EMCAL (East side)
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