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Elliptic Flow at RHIC

Two nuclei pass each other in a time of
t ..~ 0.15 fm/c

pass

 The probe for early time

- The dense nuclear overlap is
ellipsoid at the beginning of
heavy ion collisions

- Pressure gradient is largest
in the shortest direction of
the ellipsoid

- The initial spatial anisotropy

evolves (via interactions
and density gradients ) -
Momentum-space anisotropy

- Signal is self-quenching with
time
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Beam Energy dependence of Elliptic Flow:
Constraints for the Hadronic EOS
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The extraction of transport properties is an
iterative process.

What kind of flow measurements do we need
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Ten Years of Elliptic Flow Measurements at RHIC
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Substantial elliptic flow signals
are observed for a variety of
particle species at RHIC

PHENIX  (Phys.Rev.Lett.91, Preliminary: QMOS5, QMO06 )
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Are flow measurements at RHIC reliable?



http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0706.1522

Elliptic Flow Measurements V, (p;, centrality) in PHOBOS/STAR/PHENIX
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» No evidence for significant n-dependent non-flow contributions

Results from different methods should Not be used as a
measure of systematic error!



Comparison of differential v,(p;, centrality): PHOBOS/PHENIX

Centrality: 0-20% Centrallty: 20-40%
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Overall good agreement between differential flow measurements




V,{EP} — standard EP method

V_{EPHSTAR)/ V_{EPHPHENIX) vs p_, Au+Au\[s, = 200 GeV, 40-60 % |

V,{EP,} — modified EP method
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PHENIX: Extensive anisotropy Data _
K. Dusling, D. Teaney, ..

V2

Phys. Rev. Lett. 105, 062301 (2010)
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Lesson 1: One need high precision double differential flow
measurements
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Estimates for n/s

quantify viscous corrections via a
fitting procedure, to obtain Knudsen

Comparison with viscous
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Measurements compatible with a small value of n/s

One need a new experimental constraint for
distinguishing Glauber and CGC Initial geometry:

Phys. Rev. C 81, 061901(R) (2010) 10



importance of higher harmonics of anisotropy

Data PHENIX: Phys. Rev. Lett. 105, 062301 (2010)
Calculations: C. Gombeaud, J-Y Ollitrault

Phys.Rev.C81:014901,2010
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41(V,?) -is sensitive to (n/s)

and the freeze-out temperature

Estimate > 4m(n/s) ~ 1- 2

Stay tuned for new V; and V,(EP V,) results!!

Lesson2: Simultaneous measurements of all available harmonics of
azimuthal anisotropy are important for extraction of transport properties
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Universal scaling of harmonic flow at RHIC
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Lesson3: Flow measurements for different particle species are very important
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Scaling constrains n/s PHENIX phi meson V,

results: [run7/run4]

PHENIX ths Rev. Lett 99 052301 (2007)

0.4

i || -

D 1 1 L 1 | 1 1 L L | L L L D 1 1 Ill L1 1 1 | L1 1 1 N S U Y Y S e | I\I\IIIl\II\\IIIlIII\
0 1 2 0 0.5 1 1.5 0

KE, (GeV) KE,/n (GeV) ' ' “p, (GeVic)
N. Demir, S. A. Bass
Phys.Rev.Lett.102:172302,2009

>N ¥ p+p AI.l‘Il'AI.l \JSTI I2D|J GeV, ZU-GD% : -EN Au+Au \ls_ 2D'ﬂ GeV, 20-60% 0 355_ [ ru n7
e wen l - | v, F
035
[m KK ¥ ¥ 1 o01p i -
kK x ¥ ' 1 I ‘J" ma " 1 0.25
0.2 o i I #- Wty | g {
I ¥ tguim'® *%; L I : 02 %
L ¥ i B 1 C | |
i .ﬁ# 1 o005} ] 045 | j’ &t %’ { {
o1r ] i _ 01— 4 o4
n ¢

o
=4
”n
o
—
oF
NA
hor
wnl
o -
w
t
h_
»~
3
o

n/s from hadronic phase

is very large 10-12x(1/4m) e

No room for such values! e e
10 . @ — N=3pQCD -
i T. O Hadron gas w/ pg=0,u_~0 1
” : K . ]
Partonic flow dominates at RHIC! = | ? 5 so0n -
Hadronic contribution cannot be large :
o W

Temperature (MeV) 13
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Flow scales across centrality
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KE; + NCQ scaling at RHIC: beam energy/system size

Data/Fit

Au+Au at 62.4 GeV

STAR: Phys.Rev.C75:054906,2007
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Transverse Kinetic Energy + NCQ scaling at SPS

Pb+Pb at 158 GeV [sqrt(Snn) ~ 17.3 GeV]
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N i G‘(GTOT 50-23.5% % GJGTOT =50-23.5%
> [ NA49DATA >
e 0.08L NA49 DATA
0.15 K2 ® .

006 A »

0.1F | 9+ m oA |
}:H| ‘ 0.04 y |

R 7 A

L L L L _00 | | | |
o 0.6 1.2 1.8 24 3 003 06 03 12 15
KE; (GeV) KE ;/n (GeV)

M. Mitrovski for NA49 Collaboration , SQM 2009

Do we have scaling at SPS?? Hard to tell..... 18




o~ 0.4 T
Beam Energy dependence of v, 2T awau 1
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o " Integrated p_ range black:200GeV 7
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Evidence of a softening of the EOS due to a phase transition ????
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Elliptic Flow at RHIC/SPS

Phenix: Phys. Rev. Lett. 94, 232302 (2005)

STAR: Phys.Rev.C75:054906,2007

T T T T T T
STAR (62.4 GeV; 0-40%.; mid-rapidity)
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PHENIX: RHIC/SPS ~50% difference. @ STAR: RHIC/SPS ~
10-15% difference in the differential V, results. 20




Beam Energy dependence of v, : Aut+Au at 62.4 GeV Run10/Run4

opp VS Centrality for vy Au+Au at 62.4 GeV
B PHENIX pT (GeVic) o 0.9
020 - @ stan 1.75 (open) | 6 F  —a RN
@ CERES 0.65 (closed) Y —— RXN,,,
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07— —=BBC
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o Q o .
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Significant improve in statistics: Centrality %

Run10 [~500 M ]/ Run4 [~40 M]
and event plane resolution



Beam Energy dependence of v, : Aut+Au at 39 GeV Run10

Ogp VS Centrality for v, AutAu at 39 GeV
B PHENIX pr (GeVic) o 0.8
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dependence of v2 for identified

charged hadrons + scaling and

gomparison with 62.4-200 GeV
ata



Summary

There is good qualitative agreement between STAR/PHENIX for v,
v, and scaling results.

Reasonable quantitative agreement found for event plane results
for V, (p;, centrality ) for charged hadrons from Au+Au collisions
at 200 GeV:

v PHENIX/PHOBOS and PHENIX/STAR [for mid-central collisions].

v" The difference in central collisions can be explained by a small
difference in centrality definition

v No evidence for a strong An dependent non-flow contribution.
Measurements compatible with a small value of n/s

Universal scaling (KET + NCQ) of v, and higher harmonics below
pT ~ 3 GeV/c implying partonic flow.

Analysis of data from the initial RHIC low energy scan is well
launched

Il Stay tuned for new results and implications for critical point !!
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Data/Fit

Comparison v,(p;, centrality) PHENIX: BBC vs ZDC/SMD event plane

Phys. Rev. C 80, 024909 (2009) Inf<0.35 BBC ~ 2ZDCISMD
| L S B B B B — T T T T T 1 I I I >

- 20-60% SHZEN i
: PH ENIX | i 6.6

0.2 B P g & & Eg[}] % N
- {Sﬂ S 2 -
i % 7] Ratio R=V,{ZDC/SMD}/V,{BBC} does

01 & |, veso 7 not depends on p; [ checked for 0-10,10-
- Pebrematit R0 { | 20,20-30,30-40,40-50,20-60%]

db V,{ZDC-SMD} (PHENIX)
O  v,{ZDC-SMD} (STAR)

([ e e _ V,{ZDC/SMD} < V,{BBC} - different

ok 8;3 - fluctuations ?
n e : Very large systematic errors for
| F N U SRV ) NN N S ]
1: J___+ ; % {}% ‘%‘ . V,{ZDC/SMD} measurements — can we
o8k ] reduce them ?
0 2 4 6 8

p. (GeVic)
H. Masui, Eur.Phys.J.C62:169-173,2009

Good agreement with prelim. STARYV, 25
results from ZDC/SMD analysis




Agreement between RHIC

measurements!
V,{EP_KSTAR) / V_{EPHPHENIX) vs p_, Au+Au\'s, = 200 GeV, 40-60 % V.ILYZSTAR)/ V (EPKPHENIX) vs p_, Au+Auy’s,,, = 200 GeV, 10-40%
z - Z @ PHENIX EP: 31<1]<37 -
% 14 - —8— PHENIX {lﬂl 3.1-3. 7] PHEN'K F"reliminary uIJ 12__ i PHENIX PI"ElII'I'III'IﬂI'jr'
'-":- - —— PHENIX (jn|~1.0-2.8) L [ —8— PHENKX EP:10<n<28
L q3f i 11F
) 1.3_— EP o 11
}N : :“‘ 1:.... ......................................................................
L LB u '
1% - i e Buab. B % | T |
< I ,‘Eugillllllllll ] * i
n 11 ’ 0 L ]
E N E. 0.8
w - n s
= gese "!':1# ------ 3 o7f
- = ™
09— 0.6
0.8F = 0.5 Z—
- {EP ]{smn} Ph'fs nwcn 014904 (2005) 0.4E VoILYZI (STAR) Phys Rev. CT7008)5800
D.? _I I | L | L | L 1 1 1 | L 1 L 1 I 1 1 . 1 2 3 4 5
1 2 3 4 5 p ) Ge'ﬂ'}'c
Py GeVic T

v'There is good agreement between experiments

v’ Consideration of fluctuations important when
comparing different methods

The results from different methods should Not be
used as a measure of systematic error!
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Further constraints for n/s T Constrained
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Proofing of the methodology

(a)
0.24 0
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Methodology successfully proofed — very important
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Viscous Corrections

arXiv:1005.4979
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Comparison of integral flow results from different methods ...

oo

QM 2006 STAR preliminary
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Centrality dependence of V, / (V,?) ratio STAR/PHENIX

C. Gombeaud, J-Y Ollitrault [arXiv:0907.4664]

valvy®
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STAR/PHENIX Preliminary
data for charged hadrons:
pr=1.0-2.7 GeV/c for STAR
p;=1.0-2.4 GeV/c for PHENIX
— looks very close

‘ Ratio o ( 2subEvent k=2) / o (2subEvent k=1 vs Centrality for v, |
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What about V; ~k * (V,3) -
very-very small signal .....???

ratios

The potential difference in methods for event
plane resolution [ for v, measurements ]
may explain the residual difference in v /(v,?)
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V, : A Small, But Sensitive Observable For Heavy lon Collisions

PHENIX: QM 08, WWND 08, DNP 08, QM 09

J.Phys.G35:104105,2008,J.Phys.G36:064061,2009
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Do we have qualitative agreement ? Answer is : YES!!! 32
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