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NIBSEEFR
Introduction

« Heavy-Ion Collisions
— Study QCD at hugh temperature and density

— Establish and characterize properties of decontmed
matter

— Characterize phase transition between nuclear matter
and a system ot asymptotically free quarks and gluons
+ Requirement observables

— Provide mformation about the early, possibly
decontined phase

— Sensitive to bulk properties
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Observables and their sensitivity

Elliptic flow

Parameter Svinbol | Spectra | _ HBT (p;. ¢5)
’ v, (P, IN)
Temperature T VEeS VES YES
Lwerage transverse flow . R o s
velocity IBt 01 Oy 1;” €5 T‘ € T'“ €5
Armimuthal modulation i flow % o ——
velocity ﬁa oL o, ﬁ" Co J Co
Coordinate-space anisotropy SE ves ves
Eadiuz in y-direction Ry Vel
Duration of particle emission | ves
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Why is elliptic flow interesting?

coordinate space Coordnate space configuration anisotropic (almond
Y shalpe) however, mitial momentum distribution isotropic
(sphencally symmetric)

. 01111. mteractions aAImong constituents cenerate a
pressure gradient, which transforms the initial
coordinate space aus oty opy mto a momentiumn space
arusotr oPV (lm analﬂfﬂ, m pp)

Momentum space

pyf

Multiple mteractions lead to thermalization - lmuting
behavior ideal hydrodynanue flow

a? N_1 4N = ,
- 1+5 2v, cosin(@—V, )]
* 3 p 2z pdpdy| &
*w‘z — (L‘ﬂ:’.ﬁ 3{ gy — 1LI’rr }) ., P= tﬁll_l (p_-}')
P
Faimond snellings;, CERMN Heawy 4

[on Fonan



Nipger
Time evolution in a ideal
hydrodynamic model calculation

Pb+Pb,b=7fm

y (fm)

=10

=10 -5 i 5 10

¢ Elliptic Flow reduces spatial
anmigotropy -= shuts itselt ot

Faimond snellings;, CERMN Heawy 5
[on Fonum



NIBe
Main contribution to elliptic flow
early in the collision

Zhang, Gyulassy, Ko, Phys. Lett. B455 (1999) 45
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v, versus centrality NIBSEF

PHENIX: Phys. Fev. Lett 89, 212301

PHOBOS: Phys. Rev. Lett 89, 222301 (2002) (2002)
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Is there boost invariance? WE"
PHOBOS v2(n)

PHOBOS: Phys. Rev. Lett 89, 222301 (2002)
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NIBSer
Excitation Functions

Aun(Ph) + Au(Pb) Contral Collisions
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Elliptic tflow; excitation
function
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2(pt) SPS-RHIC
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NA49: Phys.Rev. C68 (2003) 034903, CERES: nucl-ex/0303014

Faimond snellings;, CERMN Heawy 11
[on Fonum



Nipger

Identified particle v,

Tvpical p, dependence

Heavy particles more
sensitive to velocity
chstribution (less
effected by thermal
smearmg) therefore put
better constramed on
EOS

—EJL

vz{pt}

Yie

Transverse momentum

Hydro: P. Huovinen, P. Kolb, U. Heinz

0.1 -
0.09F° Pions =
L prﬂt{}ns + anti ﬂrﬂtﬂnﬁ ” E
0.08E-. Hydro QGP EOS / -
0.07E- Hydro Hadronic EOS » a=
..r'"‘r r

0.06 P :
0055 STAR A~ E
0.04 g
0.03 i =
0.02 _. E
2 E

0.01 = . -
%901 02 03 04 05 06 07 08 09 1
p, [GeVic]

Fluid cells expand with collective velocity v,
different mass particles get different Ap
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Nipger

Identified particle v, (130 GeV)

dashed | solid

T (MeV) | 135420 | 10024
Bjc) |0.52+0.02 | 0.5420.03
B,(c) |0.09%0.020.040.01
S, 0.0 |0.04%0.01

The STAR Collaboration, Plys
Eev. Lett. 87 (2001) 152301

Source not gpherical
m coordinate space at
treeze-out! (see
HBT(¢y) part)

v,(p,)
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v,(p,mass) 130 vs. 200 GeV w

STAR. 1dentified

particle v, at 130 &

(open symbols)

and 200 GeV very

cloze

PHENIX
(squares) extend
tor pions and
protons the p,-
range and STAR
and PHENIX
agree nicely

All particles
reagonably
described at low-

p; with common
set of parameters

o 025 e R
_ |centrality: 0-80% =
| e T+ T T =100 MeV, i, = 0.54¢, [L=L04c and 5., = 0L04

0‘2 '__ o Hg B Common freeze-ont curves ]
L L
s AR,
.[]_15;_ v Cascade
0.15’
0. “5 o ~"STAR, PHENIX
n- " d"? preliminary
P T Ligils L ]
U 'l]l 04{]{1{}8 1 1.2 14 lﬁlﬁ 2
p, [GeV/c]
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Summary:
Elliptic flow at low-p,

Large v, values observed, consistent with Hydro predictions

— Indicatrve of early pressure and thermalization

— Indicatrve of strong partonic mteraction at an early stage

v,(p,) at the SPS cloge to RHIC, main ditference m integrated v, due to
mcreasge i <p,~. Note that thig 12 not trivial
Mags dependence of v, (p,) m accordance with hydro dynamics

— QGP equation of state best description of data

— All particles seem to reflect sunmlar values for flow and temperature at
treeze-out
Nice theory overviews: Peter F. Kolb and Ulrich Heinz, review for
'Quark Gluon Plasma 3', nucl-th/0305084. Pas1 Huovinen, review for
'Quark Gluon Plasma 3', nucl-th/0305064. D. Teany, J. Lauret and E.
V. Shwrvak, nucl-th/0110037; Phys. Rev. Lett 86, 4783 (2001).
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HBT interferometry

Nipger

« Goal: understand quantitatively space-time evolution (STE) of system

¢ | [fetime and duration of particle emission
¢ Spatial extent of system at thermal freeze-out
¢ Collective flow contribution to evolution

- Single-particle p; spectra & flow signals also determined by STE, but...

- Bo

&

L

The big
caveat;

se-Einstein E correlations — disentangle STE
Fairs of pions experience B-E correlations

Hanbury-Brown Twiss interferometry (HET ).
characterize correlations, in 3 spatial dimensions

YWiyldth of correlation peak as g—0 reflects "length of
homogensity”, related to source size, Le. HET "radii”

static source: HET radil — true geometrical size of system
dynamic source: HBT radii «— flow reduces observed radii
~ p; dependence of HET related to collective expansion

Faimond snellings;, CERMN Heawy
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[~
Why measure HBT versus the u
reaction plane?

Initial state Final state
'Elliptic shape What space-time configuration?

'= Pressure push n
I In plane

‘plane
Circular

‘= In plane flow
e s

Faimond snellings;, CERMN Heawy 17
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HBT () W

U W. Hemz, A. Hununel, ML A, Liga, U A Wiedemann:
Phys Rev. C'66 (2002) 044903

~H(5%) - (5% )eos 20+ 5 (5) + () 42 ()
(57)= (52 eos20+ 5 (57)+ (7))
=—|—%{<> ( >)5111’5'r?

X /&\ « In HBT versus the

reaction plane, x and

y can now be related
E to the source RMS
‘ s‘de ||

h_'l|l—- M|l—-

+

1n and out of the
reaction plane
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VIR

What do we expect to see?

HET radii as a function of
emission angle

qlu:ung ®
e Dot

b

reaction - -ﬂr ' +
plane | 6% -~

2nd-order oscillations in HBT radii
analogous to momentum-space (v,)

:n[: R g

s1de

1.: W N . W o
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Centrality dependence of the%

3 L L
oscillations
* 0-5% " 10-20%  + 40-80%
# 12 ©-bin analysis. 0<®<x o | |
{0.15 < k; < 0.65 GeVic) i T L o T | SRBG Y IR Y
o °* ohid :
¢ 15" bins, 72 independent CF's E | LT Bhe "'
] T ot ‘i_+_ Tas e
((g.p)=1+A{p)-e 2fE(9) T 20- STAR preliminar
. P Y
¢ 2ndorder oscillations of HET radii are _ \ 8 =
observed 01" ;
* Lines are fits to allowed oscillations: B I
- 1 LA m kg
out, side, long go as cos(2®) "‘E : _i“."gi!.'i'.-_: 'EE: - :
oUt-side goes as sin(2®) ol RS | ;' ¥ J
ﬂ:_ m. | .."I \ 1 i
+ Amplitudes weakest for 0-25% - : K, /f
(makes sense in geometrical it i TIT_T
interpretation ) 0 /2 T 0 R
& (radians)
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Nipge
Initial versus final source shape

Initial eccentricity

Glauber model: Initial geometry is ] LS W I T

related to number of participants L | STAR preliminary

= =

i i I i i |
0 0.2 0.4
£ - Glauber ; i
doesn't have D. Magestro
ternporal component
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[~
Calculating flow using multiw
particle correlations

_ il =W,
Vv, = <C-Dr5n(¢9— “P,-,.)> = <‘55' Y :I>

Assumption all correlations hetween particles due to flow

A7 42
25)

"

Non flow correlation contribute order (1/N), problem if vn=1h"N
<£;_,f”('?!-“1+$'2 —5 — ) > g ({?f”('ﬁl—@z} ><{;.f”':%—'§ﬁ4} > Gl <€f”(¢“1—'§!-"4:' ><€f”':%—'§!-"23' > o _{.1-11 { } '}4
Non flow correlation contribute order (1/N?), problem if v =1/N*

N. Borghini, P.M. Dinh and J.-Y Ollitrault, Phys. Rev. C63 (2001) 054906
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v, (%) (0.15-2 GeV/c)

Integrated v, from cumulan%h“

- v,{2)
V.,{4}
4 1""{;_:{6}

2 4 6 8

STAR. PRC 66,(2002) 034904

Faimond snellings;, CERMN Heawy
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flow centrality bin

About 20%
reduction from
Vot 2} to vio{4}

E Ry 'y e E R B |
Vold ) =V, 0]

23



Fluctuations

« Multi-particle correlations are used to give a better
estumate of v,, because they are less sensitive to “non-
flow™. They do however rely on hugher powers of v,. In
case of event-by-event fluctuations i v, m general vt~ =
<v,~" which will lead to an over correction of v, when
usmg a cumulant approach

* Fluctuations mn eccentricity, &, are expected and due to the
tact that v, & ¢ thus will mtroduce fluctuations m v,. This
can be estunated in the framework of a Monte Carlo
(Glauber calculation. This alzo gives an lower lumit on how
big v, tfluctuations due to more mteresting physics reasons
should be betore they can be used to argue for a solid
physics case

Faimond snellings;, CERMN Heawy 24
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non-flow or fluctuations?

eccentricity
e
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eocentricity

eccentricily
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VIR

The fluctuation contribution to v,

I PP P P L ANAARALY A8 L 00 SR AU LML U I N
= [ | * Nuceonc(2)/<e> 1 “standard
S B AT 3 v(2)
5Ee e b : - {;n'eIe;z:tJ_nmtes
bt Quark e {6)/<e> : - , ] 1._-2 IJF l.[_}q}.“”
1 ?—l:{iuit—'—;_lrl = higher order
- k] o | 1 cumulant
0= el ® e o o °1 1% 2 T underestimate
-1 :T : ﬂ:.:'lgn:r‘ . i g W by 10% at
r uﬂ— g ' — 1 mtermediate
-2 ;—- L J”ﬂil : ml zl".' Ia'lu 4I'nl S0 ﬁ'ul 70 ls'u g'ulli.fil —' centralhties
0 10 A 20 30 40 50 o0 70 én 90 100
M. Miller. RS cross section [ % |
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Nipger

Compare fluctuations to data

Ratio

0.8 -

0.6

1.2 e

M. Maller, BS

+  STAR 130 GeV v,{4}/v,{2}
v STAR 200 GeV v,{4}/v,{2}
Quark Glauber = [4}/= {2}

- Nucleon Glauber e {4}/ {2}

1{] 2[} 3{] 40 :-r'[] 60 70 8{] 9[]' l{]{]
cross section | % |
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v,(p,) for high p, particles u

(self normalizing tomography of dense matter)

n.au T ¥ T T T T T Y T J T

=—a Hydro+GLV quench., dH'Idyﬂl.'lI]l}
0.25 I ®—=& Hydro+GLV guench., dH&dyEEI]I] .
| #—+ Hydro+GLV quench., dNldy=200

b/ 0.20 | Quenched pQCD _
0.15 . ~

0.10 N = - :

. £> 0.05 '

v,(Py)

0.00

p; [GeV]

hip:fwww.bLgovinsd/annualihfnsd1998/meRNC.him M. Gyulassy, I Vitev and X.N. Wang
R17. Bvent Anisotropy as a Probe of Jet Quenching

R.5 and X-N. Wanhg
F.5, AM. Poskanzer, 5.4 Yoloshin, STAR note, nucl-ex@y04003
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Charged particle v, at high-fﬁ’5

— .35 . : :
8 o5 * 30-BD % solid: 200 GeV. open: 130 GeV |
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E. Filunonov: Nucl Phys. A715 {EG{IJE} 737-740
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Why is v, so large at higher-p,?

Measured v2 values ih
‘ 4 ¥ 1
seem to be larger than / [
the maxumum values n [ B
the caze of extreme | b2 | b2 x
quenching -= surtace ' .
e 8101 5 A %
E. Shuryak: nucl-th/0112042
Clentrealiny % < = r:"l."n- r': Ui SR
a-11 HE: 32 (42 124 (.02
L1-34 027 5 Lk Ao O.02
Jub-H5 A .41 I 224 1032
Faimond snellings;, CERMN Heawy 3l
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Nipger

Is 1t all non-tflow?

1 e 8 B R e B
______

o T e
pr, GeV
Yuri V. Koevchegov and Kirill L. Tuchin hep-ph/0203213
STAR data: ES, Nucl. Phys. AG9S (2002) 193-198

Faimond snellings;, CERMN Heawy £
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v, (%)

Nipger

Is 1t all non-flow at high-p,?

- 20%-60%, 200 GeV
P ""'E{E} | . '

- R . —— Above 6 GeV we do not
e & i eal'n have a reliable answer (vet)
& et what the real tlow

F oo ' contribution 1s
'11:"_— ____"-' [T N—

2 % 1 : : |

- STAR prelimimary

B i [ [ i P i e

0 2 4 6 8 10 12

p, (GeVic)
A Tang
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More detailed information: v,(p,)
for identified particles at higher-p,

STAR (Au+Auns,. = 200 GeV; Mid-rapidity)
s n PHENIX = L + h'+h’
] KI K E 7 A KS * A+ A 5
u 2 . p phﬂr [ E Hydro calculations jaaasts
" . ' = - _-__,--'-""F- '
4. o P T e
/ : . . E A M.;i iy 4 X %
5 O
0.1 Wt hydron | £ o o STAR
e hydro K| £ "f’ Preliminary
A
oy hydrop | < o4¢ ; ., , |
0! Y i Gl N R 0 2 4 &
0 1 2 3 4 Transverse Momentum p+ (GeV/c)
P (GeV/c) P. Sorensen
ShinIchi Esumi: Nuel Phys.
A715 (2003) 599-602
Faimond snellings;, CERMN Heawy 34
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Nipger

Hydro + Jet Quenching?

0.3 o~ O
1.25 e s ML L T A 0.3 p
{27 l — gharged hawdinon
0.2 | s =
0.15 (3050 0.1 ’ n A
s . o hydro only
GEE [ e . (o—0%) | % o5 1 15 2 25 3
b T T e Gl _ Py (GeVic)
0 : 4 - A = 7 T. Hyrano and Y. Nara: nucl-th/0307015
2 (GeV/el 3 K hydro+jet
X.-N. Wang: nucl-th/0305010 0.3 P
Coupling ot hvdro and parton o =
energy logs gives a reasonable a3 25
description of the data and also 0 <—~ o
has a mass dependence at LR S T T
: p, (GeVic)
]]lgl el 1:'1; Faimond snellings;, CERMN Heawy 35
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Parton Coalescence?

[

= parton D. Molnar, S.A. " [adieme  —em
S oqgn - Mmeso f : K (R
2 harvorn Voloshm: 0.25 - '
e 0 Phys.Rev.Lett. p2
& 0
_'-. [ ) 1 (l{:":}‘}} :Elﬂ..ls |
= 04 002301
i ¥ 0.1
[1 l 2 3 I i 0.05 -
¥ -|. Tl ""... -
P - s - = . . - 0.0 A s.l'rn..nl - 'K"[i[::-
V. Greco, C. ML Ko and P. Levar: nucl-th/0305024 025 | * HIwSTAR - (r)
m T . ] Lyeche
0.25 o p e ____-_I}
. 0.2
0.2 W
---"“-q__ ;{].15 !
Mall R 1 : s -
B S 0.1
vl ."?‘ o 0.05 — N{R+F]
w® e . -es Z{R4F)
0.05 4 "-__ U,{j ' 0.0 - i (O DI 5325 - 21
74 012345678910
. Py (GeV)
i 1 & 3 4 5 G T A :
p, (GeV) C. Nonaka, R.J. Fries, S.A. Bass
Raimond Snellings; CERN Hatel-th/0308051 36
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Parton Coalescence

STAR (AutAupBy, = 200 GeV; lyl<1.0)

2 |4 T W '
5 K K " 015 & Kg (n=2) e A+A (n=3)
'Fh * p pbar a8
0.05 -y S %" STAR | |
A @ ." » ‘.; ..1 &
L 0.05 ."ﬁ
. PHENIX
0 ’ 0 ' 1 2 3
0 0.5 1 1.5 Transverse Momentum p-/n (GeV/c)
P+/Nguark (GeV/c)
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[~
Summary: NIBEEr

v, at intermediate p,

v, up to 6 GeV/e 1= large; consistent with energy loss picture
Charged particle v, up to 6 GeV/c 1z not dominated by non-tlow
effects

Identified particle v, shows “fine splitting™ at mtermediate p,

Particle dependence at intermediate p, 1z expected both m hydro
+ jet picture ag m parton coalescence. Parton coalescence alzo
provides a ““natural” way to get the large v, values

Real test which picture 18 more correct will come with a
measurement of v, at mtermediate p, of the ¢g-meson and the &

Faimond snellings;, CERMN Heawy £t
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Flow (radial, directed and elliptic

NP,
L ..
“/’\

¢  Only type of trangverse tlow 1n central collizion
(b=0) 18 transverse tlow.

* Integrates pressure history over complete
expansion phage

¢ Elliptic flow, canged by amsgotropic mitial
overlap region (b = 0).

ot

P

More weight towards early stage of expangion.

-

1§ :
..\'-.\.. . .._,.-"l.
*

Directed tlow, sensitive to earliest collision stage
(pre-equilibrium, b = 0)

L,

C

\ @
\
B
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v, predictions (QGP invoked)

= ! Au+Au
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7 [fm] L.P. Csernai, D. Rohrich: Y/ Yem
B | Phys. Lett. B 458 (1999)
J. Braclmann et al., Phys. Rev. C. 61 024900 (2000) 454
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v, predictions (more general, QGP
interpretation not necessary)

{al i 1. B | "
a (b Pe-x 1 &) {a) nucleons {h) pions
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E.5., H. Sorge, S.A Voloshm, F.Q. Wang, N. Xu: Phys. Rev. Lett 84 2803 (2000)
M. Bleicher, H. Stocker: Plyys. Lett B 526 (2002) 309 (UrQMD)
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Directed flow at the SPS (NA49)

= L
& ampb

proton v,

05 0 05 1 15 2
rapidity

p, < 2 GaVic ]

-4 1 45 0 o65F 1 15 2

rapidity

NA49: Phys.Rev. C68 (2003) 034903
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vipger

First measurement of v, at RHIC

3 g : ? : l: L L] i. L L] L] 'I L] ¥ L] l’ L L] L] I L] L L] I L L] :l ]
Confurms v, 18 m-plane g~ 3 [ ; P
at RHIC ~~ b3 | : P 3
1 ) S - e : s i
Suggestive of limiting 2F: : -
fragmentation picture i B
C'ongistent with theory 1+ P
predictions adg § 1]
The data with cwrent L ¥ e
statistics shows no =i ! : 3
s1gn of a wiggle (also SIS P —
does not exclude the - i % STAR: : P
magnitude of the £ g = ooh : | ]
wiggle ag predicted e : I] . P 3

- NA49: shifted by Ay, =
-3 : P —
-6 -4 -2 0 2 4 6
M

A Tang, M. Oldenbure, A. Poskanzer, J. Putschke, RS, 5. Voloshm
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What have we learned from ! I
elliptic tlow at RHIC

— L. McLerran: one needs very strong mteractions amongst
the quark and gluons at very early times m the collision
(hep-ph/0202025).

— U Hemz: resulting m a well-developed quark-gluon
plasma with almost 1deal fluid-dynamical collective
behavior and a lifetime of several fin/c  (hep-ph/0109006).

— E.Shurvak: probably the most direct signature of QGP
plasma formation, observed at RHIC (nucl-th/0112042).

— M. Gvulagsv: The most powertul probe of the QGP
equation of state: the mass dependence of v,
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How has elliptic flow defined our
view of physics at RHIC?

Charged particle elliptic tlow at low p,: one of the fust papers from RHIC
— First time quantitative agreement with hyvdrodynamics -> suggestive of early thermalization,
strongly interacting parton phase
Identitied particle elliptic tlow at low p,
—  QEP equation of state (phase transition) provides accurate description
Charged particle elliptic tlow at lugher p,
— First indications of jet quenching (later E, )

—  btrongly dissipative svstem -> limiting surface emission (later back to back suppression).
suggested by Shuryak for high-p, vy, earlier already by Huowvinen for whole p, range -> Mot the
whele answer at low p, shown by mass dependence of wip)for =, K, p.

Identitied particle elliptic tlow at lngher p,

—  surface emission, not whele answer at higher p, etther shown by tass dependence of vy, of
pion, Kaon, proton and Lambda

—  pton, Kaon, proton and Lambda v, give indication for parton coalescence. First suggested at
Q2002 by Voloshin (later also used for By, intermediate py mass dependence)
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Conclusion

Comparable measurements ot elliptic tlow trom PHENIX, PHOBOS
and STAR

Elliptic flow for all measured particles at low-p, well described by
boogsted thermal particle digtributions

Flow 12 large; indicative of strong partonic mteractions at early stage of
the colligion

Fluctuation could be maimn contribution to non-flow:; At nud-central
collizions the maximum effect 18 10%6. INO best estimate of the true
flow are i between v,{2}+v.{4}/2 and v, {4}

Up to p, = 6 GeV/c sizable elliptic flow, indicatrve ot energy loss

Parton coalescence does areasonable job at intermediate pt; important
tests the v, of the ¢-meson and the £2

Directed flow obgerved at RHIC, after scaling forward rapidity match
SPS measurements

Directed tlow proves that elliptic tlow 18 in-plane at RHIC energies
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S. Radomski
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(PPR) ALICE sumulations
and reconstruction, show
that we will be 1 a beautitul

position to do this physics at
LHC
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