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RHIC Physics Focus

Q _‘u, - 2 Polarized p+p program
o T - Study proton intrinsic
> < ) € properties
\ = 2 8
p
’ Forward program
- Study low-x properties, initial
o) condition, search for CGC
- Study elastic and inelastic
processes in pp2pp
\L
p
% [ 1) At 200 GeV at RHIC
= |E  cnani o P - Study medium properties, EoS
g |& \ ¢ b@*"’"%'  Oladl OF - pQCD in hot and dense medium
2 100} [ - Hadrons /0: Q) “‘s s
g s | ; s ) o8 2) RHIC beam energy scan (BES)
) / - Search for the QCD critical point
o — - Chiral symmetry restoration
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QGP and Antimatter Discoveries at RHIC
m April, 2011 SCienCe March, 2010

“Observation of the Antimatter
Helium-4 Nucleus”

“Observation of an
Antimatter Hypernucleus”

by STAR Collaboration
Nature, 473, 353(2011).

by STAR Collaboration
Science, 328, 58(2010).

signal candidates

rotated background

signal+background fit
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The RHIC Beam Energy Scan |

* We built RHIC to find the QGP.
And we did it!

_ _ 300
* But QGP is a new and complicated

phase of matter. We have made
huge progress in understanding its
nature. At high energy, we expect a
cross-over transition. At lower
energy there should be a first order
transition and a critical point.

* To explore the structure of the
QCD matter phase diagram we
run a beam energy scan at RHIC

Temperature (MeV)

100

Color

Super

* Three Goals of BES program: Hadronic Gas : conductor

* Turn-off of QGP signatures
* Find critical point 0

* Search for phase boundary 0 250 500 750 1000
Baryon Chemical Potential p; (MeV)
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Relativistic Heavy lon Collider

Brookhaven National Laboratory (BNL), Upton, NY
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- RHIC: The high-energy

heavy-ion collider
(i) Dedicated QCD collider
(ii) Vs, = 200 - 5 GeV
(iii) U, Pb, Au, Cu, d, p

- RHIC: The highest energy

he - . polarized proton collider!
ey A Vs = 200, 500 GeV

7 -
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STAR Experiment

Large acceptance

Excellent PID
Fast DAQ




Central Au+Au at 7.7 GeV

* IvZI<70 cm
— 7.7 GeV for7.7 GeV

Scaled Events

- fl
Multiplicity

Detector performance
generally improves with lower
energies. Geometric
acceptance remains the same,
track density gets lower.

Triggering required effort, but
was a solvable problem.
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Particle Identification
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(1) Bulk Properties at Freeze-out

Au+Au

O 200 GeV %‘f '

[0 62.4 GeV

¥ 39 GeV

® 11.5GeV STAR Preliminary
W 7.7 GeV

STAR Preliminary

— Cleymans
— Andronic

PRRE RN N TR T T N TR TR R BT PR -,...1.. | P |
0.2 0.4 0.6 : 0.1 04 05 0.6

i, (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

International Conference on Matter at Extreme Conditions: Then and Now Slide 11 of 30

17/) 2014
Nan/ Bose Institute Kolkata, India



(2) Di-electron Production

LJ L]
Vs =200 GeV  p+p Au+Au MinBias Au+Au Central
=10" T —1 10& ' T ' T ' T ' — 1 o3 ' T ' T ' T ' I
Ng m0— yee &y — ee ;’/* ee &0 mee | ® STAR Preliminary Au+Au 200 GeV MinBias | STAR Preliminary  Au+Au 200 GeV Central |
~ —ee ) — Yee W ee —
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0 > 1
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STAR: arXiv:1204.1890 Mass(e'e’) (GeV/c?) Mass(e'e’) (GeV/c?)

1) Direct radiation, penetrating-bulk probe, great addition to STAR!

2) Beam energy, p;, centrality, mass dependence (8-10x more events):
Raas V5, 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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—_ 10 19.6 GeV N 62.4 GeV ;: 200 GeV
N;c: 100 . sys. uncertainty . :.
> EH1 - W cocktail i
8 STAR Preliminary 1y | — in-medium p
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8 1k @ data
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dielectron invariant mass, M, (GeV/c?)

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
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(3) BES Dependence of R,,

I I L II 1 I LI I| I 1
5 B SPS 17.3 GeV (PbPD) GLV: dNjay = 400 N
i © = WASS (0-7%) GLV: dNjdy = 1400 _
- RHIC 200 GeV (AuAu) _f;ve.:‘-r:ay-zoowooo . N STAR Preliminary e 7.7GeV
[ O = PHENK(O10%) e ] - Stat. errors only = 11.5GeV
15+ < kW SUROSY) s tamer_ — 10 Notfeed-down corrected 19.6GeV
: SPS [ LHC 2.76 TeV (PbPb) — : E v 27GeV
i ® CMS(0-5%) — AW | - ¥  39GeV
Q:é i ¢ ALICE (0-5%) POM: <§- = 30 - 80 GeVim ] L E  62.4GeV
1 R y - | o STAR(2003) 200GeV
- LHC 7] BT, 75 s oS
0.5 AX0RX) . el %
. f@ - i : —%—
+ it = —0—
R L i - (0-5%)/(60-80%) T o4
0- 1 1 Il;lll| 1 1 lllIIII 1 I- 10-1|||||||||||||||||||||||||||||||||||||||||||1|||||
1 234 10 20 100 20 ©t P pewef Tt "

P, (GeVic)
1) Suppression of high p; hadrons: one of the key signatures for the
formation of QGP in high-energy nuclear collisions

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

in High-Energy Nuclear Collisions

x107
/\ /. IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
— =
L o - —~ STAR AuAu 200 GeV| _|
(0] [ 0.4 % ¥ HIUING
H A HUING +v,
c\ll s uRQMD

= MEVSIM

— same charge

— opp charge

70 60 50 40 30 20 10

The separation between the \ 7% Most central
: cos(¢ + @5 — 2‘PRP)/

same-charge and opposite- o

charge correlations.

1) Parity-even observable, assumptions
must be tested

- Strong external EM field 2) Energy dependence & UU collisions
) DE'Conﬁnement an'd Chll'al - S. Voloshin, PRC62, 044901(00).
symmetry restoration - STAR: PR103, 251601; PRC81, 054908(2009)
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Dynamical Correlations
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(1) Below vs,, = 11.5 GeV, the splitting between the same- and opposite-sign charge
pairs (SS-0S) disappear

(2) If QGP is the source for the observed splitting at high-energy nuclear collisions =
hadronic interactions become dominant at vs,, <11.5 GeV
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(5) Collectivity: NCQ Scaling in v,

| I I 1 1 I I - -
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1 150
2
(mT-mo)/nq (GeV/c?)

-m,~m,~1GeV
-ss=> ¢ not K'K = ¢
- Oyp<< O

pIt, TTT

In the hadronic case, no number
of quark scaling and the value of
v, of & will be small.

* Thermalization is assumed!
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Collectivity v, Measurements

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

11.5 GeV

62.4 GeV Au+Au, 0-80%lll 115 GeV Op *«|[f 624GeV  w-sub EP]

o
o
T T ?

[Au+Au, 0-80% *=E |

m;-m, (GeV/c?)

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

collisions

2) At Vs, < 11.5 GeV, the v, NCQ scaling is broken indicating
hadronic interactions become dominant.
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NCQ-Scaling and Phase Diagram

MB Au + Au Collisions at RHIC
‘ ‘ ‘ N

‘ 200 6‘244 39 ‘ 27 1‘9,6 ‘ 1.5 ‘ 77 Vs (GeV)‘ 200 624 39 27 19.6 1.5 7.7 Vs (GeV)
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0 100 200 300 400 O 100 200 300 400

Baryonic Chemical Potential ug (MeV)

1) v, difference between particle and anti-particle related to vector coupling
2) The vector density is sensitive to baryon density

- J. Xu, Song, Ko & Li, PRL, (2014)

International Conference on Ma"cter at Extreme anditions: Then and Now Slide 19 of 30
Bose Institute Kolkata, India

17/Jan/2014



Disappearance of QGP Signatures

Parton energy loss “Local Parity Violation”

0 Central (0-5)% 7.7GeV 0002 I l ' R ' ' T
B Peripheral (60-80)% 11.5GeV E
10— P = © 19.6GeV
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a /‘»ﬁ -+ * \asgev
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(6) Collectivity: Directed Flow v,

Directed flow is a measure of the
compressive recoil of the nucleons

Mid-y v, Slope Parameters (x1079)

*First order phase transition is characterized by
unstable coexistence region.

* v, is a manifestation of early pressure in the system
* We see a minimum of the v, signal. =» Suggestive

17/Jan/2014
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(7) Higher Moments

100 | | | 'XB . 1) High moments for conserved quantum numbers: Q,
3 T Qe S, B, in high-energy nuclear collisions
|
8.0 r 1 i

S
X4 —*

2) Sensitive to critical point (§ correlation length):

. :: open: N.=4 o) 3 . 4
40 | -'% o full: Ne=6 | <(5N) > ~ 52, <((3N) > ~ 545, <((5N) > = §7
S + | 3) Direct comparison with calculation at any order:
LS "+ d g 4 +S8
0.0 o T [MeV]
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T T T T T T T
10° =_0.4<pT<IO.8 (GeVic) | Au*I-Au Cel\tral Colllisions_E
E IyI<05 ¥ 7.7 GeV
10°E u 13195GG$/V ] 4) Extract susceptibilities and freeze-out temperature.
E o e = . .
o I TR Preiminay An independent/important test on thermal
C 10°F r = equilibrium in heavy ion collisions.
O r = ;
> -ﬂ _
LU 102§ n ¥ References:
- 'I;." - - A. Bazavov et al. 1208.1220 (NLOTE) // STAR: PRL105, 22303(2010) // M.
108 " % E Stephanov: PRL102, 032301(2009) // RV. Gavai and S. Gupta, PLB696,
r ¥ ] 459(2011) // S. Gupta, et al., Science, 332, 1525(2011) // F. Karsch et al,
U | -| s PLB695, 136(2011) // S.Ejiri etal, PLB633, 275(06) // M. Cheng et al,
20 10 0 10 20 30 40 50 PRD79, 074505(2009) // Y. Hatta, et al, PRL91, 102003(2003)
Net-proton
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Net-Q Higher Moments at RHIC
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STAR Results: T. Nayak et al.
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Net-proton Higher Moments

"§ Skellam Distribution 1)
9 e - 70-80%
S 0-5%
Net-proto D"‘-u,;;j )
-. D:'4:<F?Tf9'8 (GeV ),IyI<:O.5: | .. | ﬁ?
""""""""""""""""""""" & e [ 2
& p+p data

O Au+Au 70-80%
@ Au+Au 0-5%
Au+Au 0-5% (UrQMD) 3)

"""" %% 4)

5678 10 20 30 40

Colliding Energy \sy, (GeV)

STAR net-proton results:

All data show deviations below
Poisson beyond statistical and
systematic errors in the 0-5% most
central collisions for ko and So at

all energies. Larger deviation at
Vsyy =~ 20GeV

Independent p and pbar production
also reproduce the observed energy
dependence of ko2 and So

UrQMD model show monotonic
behavior in the moment products

Higher statistics needed for
collisions at Vs, < 20 GeV. BES-Il is

needed.

100 200 STAR: 1309.5681, PRL accepted
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Summary

(1) In high-energy nuclear collisions, Vs,,, 2 200 GeV, hot
and dense matter, with partonic degrees of freedom
and collectivity, has been formed

(2) RHIC BES-I:
[partonic] < u; ~ 110 (MeV) (vs,, 239 GeV)
[hadronic] > u; ~ 320 (MeV) (vs,y <11.5 Gev)

(3) RHIC BES-II: focus at Vs,,, < 20 GeV region
with higher luminosity (x10) + iTPC:
Runl18 (2017)
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Exploring QCD Phase Structure

LHC+RHIC

sQGP properties
Vsyy ~ 0.05 - 5 TeV

emperature

RHIC BES-II

QCD phase
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matter properties
e + ion collisions
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e-cooling at RHIC for BES-I

107 A. Fedotov, W. Fischer, 2012 SRF Gun
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Relativistic Gamma Increasing factor*

1) BES-II 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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STAR: Future Plans

. HFTZ Charm - QCD phase Phase structure
- Di-lepton structure with dense gluon
sQGP properties - Critical Point =

--IV.--I o EESET R
‘ BESII \

HFT/MTD

e-Cooling, iTPC

HFT’, Tracking, EM/HCAL (West side)

EMCAL (East side)

“ physics “ upgrade j

L J




Thank you!
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