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Heavy lon Physics at RHIC

Huge amount of new results presented from PHENIX,
STAR, ALICE, CMS, and ATLAS

Find at

e http://am2011.in2p3.1r

Impressions of heavy ion physics at RHIC from Quark
Matter 2011

* Things lost and things gained

Dynamical Charge Correlations
» The Role of Charge Conservation
Beam Energy Scan

» Search for the QGP Critical Point




» Flexibility
» Polarized protons, 0.05 to 0.5 TeV
* Nuclei from d to Au (Pb,U), 0.005 to 0.2 GeV

* Physics runs to date L Ve
* Au+Au@7.7,11.5,19.6,39,62,130,200 GeV | = & '
« Cu+Cu@22,62,200 GeV S |
» Polarized p+p@200 & 500 GeV
* d+Au@200 GeV

PHOBOS,_
~ PHENIDXEE" .k

DIS 2010
\0AFL9/2010
Christie



PHENIX Present + Upgrades

Charged Particle Tracking: PHENIX Detector

i PC3 Central
Drift Chamber o, Magnet

Pad Chamber

Time Expansion Chamber/TRD
Cathode Strip Chambers(Mu Tracking)
Forward Muon Trigger Detector

Si Vertex Tracking Detector- Barrel

Si Vertex Endcap (mini-strips)
Particle ID:

Time of Flight

Ring Imaging Cerenkov Counter
TEC/TRD

Central Magnet

Muon ID (PDT’s)

Aerogel Cerenkov Counter Beam View
Multi-Gap Resistive Plate Chamber ToF PHENIX Detector
Hadron Blind Detector

Calorimetry:

Pb Scintillator

Pb Glass

Nose Cone Calorimeter C South

Muon Piston Calorimeter Mu

Event Characterization:

Beam-Beam Counter

Zero Degree Calorimeter/Shower Max Detector

Forward Calorimeter

Reaction Plane Detector




STAR Present + Upgrades

HiDEEEEEREEREERIE
N S—
TPC FMS
1 %P¢  FTPC e T FTPC .
PMD
ToF ] ]
Charged Particle Tracking: A - . Particle ID:
* Main TPC HIiEEEEEEEEIN * Full Barrel ToF
* Forward TPC (FTPC) Calorimetry: o
* SSD + Intermediate * Photon Multiplicity
Tracker + Active Pixel Detector (PMD)
* Barrel EMC

Detector = HFT(was SSD
+SVT)
®* Forward GEM Tracker

Event Characterization & Trigger:

®* Beam-Beam Counter (BBC)
® Zero Degree Calorimeter (ZDC)
* Forward Pion Detectors (FPD)

®* Endcap EMC
® Forward Meson
Spectrometer



RHIC at QM ‘11

« Understanding of flow and related two particle
correlations in terms of complete Fourier sum

Voloshin, Poskanzer, Snellings, arXiv:0809.2949

y Py 9 oaf mono =
~, 0.3f HYDRO (E0S H) E,/A=40 GV, P+
F HYDRO (EoS Q) "
> C E,,./A=158 GeV, Pb+PD, NA4S

0.25F /o

- STAR Prelim., v,{2DCye,,
(1] \[5,. =200 Ge\V, AusAu

....................................

0 5 10 15 20 25 30 35
1/S dN , /dy

N . ocl+2v; cosAQ+2v; cos2AP+ 2v; cos3AQ + 2v; cos4AP+ ...

pairs
° V1, V21 V3, V4, V5, VG! P. Sorensen

* Previously we had concentrated on v, M
- Initial overlap geometry
+ Clear experimental signature
* Relation to hydro, perfect liquid

Gary Westfall 6



Understanding the “Mach Cone”

v,,V,;,V, BG corrected

, v, BG corrected
& PHENIX preliminary

[\ @ Aushu (ABS)
H p+p (ZYAM)

1 _dN”®

NADANAG

02

200GeV Au+Au
0-20%, inc. y-had.

PHENIX Overview, QM11

The Mach cone is gone!

Gary Westfall



Large An a,, Spectrum — The Ridge Explained

R =2
plpz (c) 0-5%

] . /‘"}/:"f If’,ﬂ,/[,l
'//1 r
,f

if flow dominates the correlations a =v,2

0.002;
a{R}
0.0015
0.001
0.0005
,’,’*.of‘!
-4-.;/:«0'&” O
»*’f" "“ i
0 t
5 STAR Preliminary
0000542 3 4 5 6
- Fourier Tr. (0.7<An<2.0) > harmonic n

0.0012
a,{C}
0.001"

0.0008 -
0.0006
0.0004 -

0.0002~

0

* T T
0.0002- o STAR Preliminary

o 1 2 3 4 5 6
P. Sorensen harmonic n
See also: A. Mocsy, P. S., arXiv:1008.3381 [hep-ph]
Qm11



Understanding the “Mach Cone” and the “Ridge”

200GeV Au+Au 20~30%
PHENIX Preliminary

mach-cone |~ &

v+ v, fit | i |data-fit + 1

n_g.T-lllllllllIIIlIIIIlIlIIlllIIIlII

-3 - =1 L] 1 x 3

Ad=¢ (CNT) - ¢ (RXN)

Gary Westfall

RXN: |n|=1.0~2.8
CNT: (n|<0.35)
charged hadrons
pr=2~4(GeV/c)

clear 39 order moment
seen in long range
A¢ correlation

another way of
extracting the v,
parameters with
forward anisotropy v,
without using @,

S. Esumi
QaM11



Losses and GGains

The Mach cone seems to be gone

The “ridge” is understood in terms of the sum of all
moments of flow

Many aspects of “non-flow” are no longer needed

There were many gains in RHIC heavy ion physics
also at QM 2011

Following are several examples of gains



v; Untangles Initial State and n/s

V, described by Glauber and CGC

v; described only by Glauber

0.25 0.1
i n. PHENIX —&— . PHENIX —&—
Theory calculation: Eliriber . arXiv:1105.3928 Glauber —a—
Alver et al. KIN —e— 7 KLN —e—
02 | PRC82,034913 —~—— 0.08 |
PH ENIX
0.15 | /’ arXiv:1105.3928 0.06 Theory calculation:
< g Alver et al.
PRC82,034913
0,1 - 004 B - /.).
 PHTENKX
0.05 0.02
1.75 < py < 2.0 GeV/c 176 pr 221l BaVie
arXiv:1105.3928v1 ; . . 1 | RN 0SS0
0 1 L L 1 L 1 1
0 50 100 150 200 250 300 350 0 50 100 150 . 200 250 300 350
rt
NPaft Lappi, Ve%augopalan, PRC74, 054905
Drescher, Nara, PRC76, 041903
o Glauber o MC-KLN
m Glauber initial state €<—— Two models — m CGCinitial state
m 7/s=1/4n m 177/s=2/4n
S. Bathe

Gary Westfall

PHENIX Overview, QM11
11



Observation of Y Suppression

2r
_ T(15+28438) | o e'e
1 -8 n p+p Sys. Uncertainty
1.6 [ | p+p Stat. Uncertainty
— aT(18)— e'e/aT(15+425+3S)— e'e”
— 1 -4 - RII15+25435) . .
n AA if only 1'(1S) survives
< 1.2 Iy p, >5GeV
g i
§
m < 1' (|
- EEEE A o
~ < 0.8} l
' - [ o —————
0.6F + |
0 4 :_ l R. Reed
't STAR Preliminary QM11
0.2 - I n
- \/Syy = 200 GeV
_lllllllllllllllllllllllllllll|lllllllll|llll
50 100 150 200 250 300 350 400 450

N

part

Gary Westfall 12



Electromagnetic Probes in STAR

> 10 |
[0, i i
O] STAR Preliminary Au+Au 200 GeV Central
o
o pe>0.2 GeVic, nfl<1 —|
> .
kS, : Ll I ON
=10+~ Jww' bE —
© - v, ', bb, DY |
Z i — ¢€ PYTHIA 0.96mb
© __% — Cocktail Sum
107
105 =
L l Il - l | I | 1 -------
T ! ' ! ' ' J. Zhao
% 4 QM11
o 3
Q
@
T 1
0 o

Mass(e'e’) (GeV/c?)

Gary Westfall



Dynamical Charge Correlations

Observed charge is created during the evolution of the
system

QGP will strongly affect charge formation and relative
diffusion

Various correlators have been proposed to study
dynamical charge correlations

Three particle correlator

 Voloshin, PRC 70, 057901 (2004)

« STAR, PRL 103, 251601 (2009)

* Related three particle correlator to local parity violation

Balance function
 Schlichting and Pratt, PRC 83, 014913 (2011)



Charge Conservation

N

X

For every +q, there is a balancing-q  Who is his partner?

Gary Westfall

15



Charge Balance Function

« Charge balance function in terms of An
« Bass, Danielewicz, and Pratt, PRL 85, 2689 (2000)

{N+(An)N++(An) N N+(An)N(An)}

1
B(AN)=—
(A= N, N

Normalizes to unity for perfect acceptance
Narrows for delayed hadronization
Broadens for diffusion

Narrows for cooling

« Charge balance function in terms of A¢
N, (A)—N.,(A9) N+<A¢>—N<A¢>}

1
BlA9)= 5[ N, N

Normalizes to unity for perfect acceptance
Narrows for radial flow



Blast Wave

 Thermal blast wave model

- Based on STAR parameterization of STAR spectra
and v,

« T — kinetic freeze-out temperature

* B, B,— in-plane and out-of-plane transverse collective
velocities

* R,, R, —in-plane and out-of-plane dimensions of freeze-out
surfaces

* 0,, 04— relative spread of emission points of balancing
charges

-+ Canonical methods are used to enforce local charge
conservation along the emitting surface



Au+Au
200 GeV

Balance Function

Gary Westfall

Width in n

0.5 1 15 0

o
(&)
—
—
(&)
N

0‘]=0'226 —e—
STAR =------:

()'n=0.579 —
STAR +--e--

50-60%

O'n=0.608 ——
STAR =--e--us

60-70%

0ﬂ=0‘353 ——i

STAR =--e---s
10-20%

Fit: Schlichting and Pratt
PRC 83, 014913 (2011)

Data: STAR
PRC 82, 024905 (2010)
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Au+Au
200 GeV

Balance Function

Gary Westfall

0.5

Width in ¢

0-5%

0¢=0.1 76 —e—i

STAR -
20-30%

5-10%

A
05 115 2 25 3 05115 2 25 3 05 1 15 2 25 8
3| T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
\ G¢=O —e— 0¢=O —e—y | 0'¢=0.1 06w —e—1 7
STAR - STAR +--e--- STAR et 7

10-20%

0¢=0.21 27T —e—i

- STAR - -
30-40%

0¢=0.282 T —e—i

| I I S Y I I I A |

STAR e -
40-50%

0¢=0.353n ——
STAR +--e--—-:

50-60%

0'¢=0.424Jt —e—i
- STAR e

i 60-70%

Fit: Schlichting and Pratt
PRC 83, 014913 (2011)

Data: STAR
PRC 82, 024905 (2010)

19



Separation of Balancing Charges

Gary Westfall

0.6

0.5

0.4

0.3

0.2

0.1

Widths

o, —@—

n

Au+Au
200 GeV

10

20

30 40
% centrality

50

60 70

Schlichting and Pratt
PRC 83, 014913 (2011)
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Gary Westfall

Blast Wave IIIustration

;Y_

T \
ﬁx’ﬁy
R, /R,

o, 1n z-direction

21



Event-Plane Dependent Balance Function

B(¢>A¢)%~{

N_

0.16

0.14—

R A S
- 7STAR Preliminary
- IAN

E Au+Au
0.12[~ 200 GeV

e Data -7.5°<¢<7.5°

m Data 37.5°<¢<52.5°
A Data 82.5°<¢$ <97.5°
Model -7.5°<$<7.5°
Model 37.5°<¢$<52.5°
Model 82.5°<¢$ < 97.5°

Gary Westfall

N, (9,A9)—N,.(9,A9) /N, <¢,A¢>N<¢,A¢>}

Data
Hui Wang for STAR
Poster, QM2011

Model

Schlichting and Pratt
PRC 83, 014913
(2011)
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Event-Plane Dependent Balance Function

0.3

e In Plane i
0 45° to Plane

02 = Out of Plane8 .

0-5%

10-20%

Au+Au

50-60%

0.1 3§"-’3:§:f§;;§;g,;5.,.

.'“eﬁﬂhq

60-70% 70-80%

at® %0
. .:".- ae ...n.. ’ g%ﬁlo% % ....l|
it 'ﬁ'““s"'w%mnm ATE L "'ﬁ"""’. oolekiteidelly

Gary Westfall

3210123

510 1 23 2H0 123
A H. Wang for STAR
QM2011



Relation to Three Particle Correlator

* The three particle correlator proposed by Voloshin and
measured by STAR is

Yop =< COS(Q, + @5 — 2 ) >

x10~
/A\ llllllllllllllllllllllllllllllIlll
o 1 N STAR, 200 GeV |
B*m - —&— same charge, AuAu
N —— opp charge, AuAu
'o_’:_ -— same charge, CuCu
-f— 05 —=— opp charge, CuCu i
3
(o) O LS [ n .El RT R EF_
o i e e o4O
~ _ . ) O
i a 8 7
=
0.5 ¢ - ]
| O
STAR
1k 1 PRL103,251601 (2009)
-IllllllllllllllllIIIIIIIIIIIIIIIII-

Gary Westfall % Most Central 24



Relation to Three Particle Correlator

* This can related to the event-plane dependent balance
function through

y — (2}/_,__ — Y~ y——)
dM
——J.dd)d A¢ —¢B(¢) ,AQ)|cos2¢cos Ap—sin2¢sin A¢|
* The event-plane dependent balance function can be

related to the different in the same-sign and opposite
sign three particle correlator




Compare

* The difference between same-sign and opposite sign
three particle correlators can be explained in terms of
local charge conservation and flow

35
-\ . A
— 7STAR Preliminary =
30 7 i
—  Au+Au g
- 200 GeV
u b r Balance Function =
20 ‘, gt ] Blast-wave Model
. o /4 O STAR PRL
s 10F/
. - :
5 Hui Wang for STAR
= Poster, QM2011
O - 1 1 1 1 I 1 1 1 I l 1 1 1 b l 1 1 1 1 l 1 1 1 ! l | 1 1 1 l 1 1 I 1 l 1 1 1 L
0 10 20 30 40 50 60 70 80
Centrality

Gary Westfall



Extend to LHC Energies

70 40-50%
- Y STAR Preliminary, Wang for STAR at QM11
60" A ALICE Preliminary, Christakoglou for ALICE at QM11
50 u (estimated efficiency for M)
o F
— 40
N =
=, F
= 30 *
20 *
10 * %
O_IIIIII 1 [ IIIIIII [ 1 IIIIIII ] ]
10 102 10°
\[sy (GeV)

Gary Westfall



Beam Energy Scan at RHIC

QCD Phase Diagram (Hadrons -- Partons) History: Proposal in 2008

Theory and Experimental approaches
¢ Early Universe The Phases of QCD (A) Demonstrate RHIC/Experiment can

1 LHC experiments operate below injection energy

Current RHIC Experiments

Test run 2008/2009 -
STAR:PRC 81 (2010) 024911

o
=)
-—
o
()
Q.
5
|_

(B) Establish observables

o P NCQ scaling of v, Partonic vs. hadronic
Critical Point . —
- degrees of freedom
Hadron Gas 7 ] . .
Superc/Ond“ctO' Dynamical charge Partonic vs. hadronic
(e correlations degrees of freedom
Azimuthally sensitive 15t order phase transition
Baryon Chemical Potential HBT
Motivation: v, vs. rapidity 1st order phase transition
Search for signals of phase boundary Fluctuations Critical point

Search for signals for critical point

http://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
Bedanga arXiv:1007.2613
Mohanty
28



RHIC BES 2010-2011
Particle identification over

HLT 21 in azimuthal angle and
two units in pseudorapidity

BBC

VSpn Good events in milions

(GeV) of events

Au + Au at Run10, Iv | <50 cm
1e —_— 7.7 ~5
& Data Gov C "lvI<70cm 3
1L - 77GeV*  —_77GeV . ]
10 :‘. : %é%g\?v —39(_(?.3eev for77GeV_§I 15 11
-2 I a
— 107°p 19.6 ~ 17
Z 10°F .
T : - 27 Expected ~ 150
5 10-4 E %%eso E|
= : L E 39 ~170
< 10°F f =
+ - Il 3
> 6 [ ! . I 1l ]
= 107 E T | I RSN L, T =
© 0 200 400 600
Bedanga Uncorrected N,

Mohanty



Freeze-out Conditions . (s mim

— N Cxp
; T T.
+ | + \ 3 ch ch.
& X 5 B +E X 45 X B
e ¥ & ¥ @ B e IE. ':4 |o. 200 STAR Preliminary
o[ : - : - 1 » . : [
8 AutAu39GeV | 94| o Au+Au 11.5 GeV e
slf = - 5% 1 ® - 0-5% :
f - = ] 150[
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» kR X & X ©© [ — Andronic et al.
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. - o : %200 200 600 800 7000
{ Chemical freeze-out: Andronic et al
107F - E . . 2010) 2 Hg (MeV)
STAR Preliminary . Pa rt|C|e ratios NPA 834 (2010) 237 r K
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P 05% avmizcey | ok % 0-5% Auhu 115 G 200 5aR Preliminary -
= L BN ¥ _ = E K N 3 - E
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NCQ scallng of v2

[rrryrrrJyrrr|rrrr|rrrrrr

. . " STAR Prellmlnary O KO .;; 4 5015 T T \ =
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0.08F . Q? %) 0.0&" | =Kk I

o 0.06;‘ Mtﬁl % . g 0.0€ o1 p+p ' +~ +_ N
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0020406081121416 KE/n(GeV)16
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¢ meson v, falls off the trend from other hadrons at 11.5 GeV

QViZo11
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Particle Ratio Fluctuations

 Particle ratio fluctuations can be affected by charge
conservation

 Particle ratio fluctuation may be sensitive to phase
transitions

* Look at fluctuations using vy,

(VM=) (Na¥e=1)) (M)

Viynkr = < N, >2 < N >2 <

3
=

« Measures deviation from Poisson behavior

- Study Vayn,krr» Vdyn,prrs Vdyn, kp



Gary Westfall

0.008
0.006
0.004
0.002

den,p/n

-0.002
-0.004
-0.006
-0.008

-0.01

den, p/rt

:— X STARAu+Au, 0-5%, TPC+TOF
— Il NA49 Pb+Pb, 0-3.5%
~ | —=— STAR UrQMD, Au+Au
| e fe STAR HSD, Au+Au
:_ & .......... !’;\ ------- ﬁ: """"""""""""""""""""" By, A
- A 5
~ o m——=
- AT Y »
n T 2 X
- . R
~ A e
e T
- u -
[ - STAR Preliminary
C | 1 ! L !
10 10?
\[Syn (GeV)
T. Tarnowsky for STAR
QM2011
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den, Kip
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T. Tarnowsky for STAR
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- [ |

= | e #c----- STAR HSD, Au+Au

- Al B NA49 Pb+Pb, 0-3.5%

- + ““n& STAR Preliminary

E T eeennnn L FN— ﬁ".

- B myp A

- — T T, P TTCR

= * * T

: l l | | | | | l | l l |
107

T. Tarnowsky for STAR
QM2011
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Summary

* RHIC has a vibrant heavy ion physics program that is
complementary to the heavy ion physics program at
the LHC

* New capabilities of PHENIX and STAR expand the
coverage of all aspects of heavy ion physics at RHIC
energies

 Electromagnetic probes
» Heavy flavor physics

* The beam energy scan at RHIC has the promise of

exploring the QCD phase diagram
« Search for the QCD critical point



