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RHIC Au—Au results:
the fashionable view

MATIONAL LABORATORY

RHIC Scientists Serve Up “Perfect” Liquid

New state of matter more remarkable than predicted -- raising many new
questions

April 18, 2005

\deal fluiddynamicsreproduce bothy, spectraandelliptic flow v (p;)
of soft (p; < 2 GeV/c)identified particlegor minimum biascollisions,

nearcentral rapidity
This agreement necessitates a softation of staleand very short

thermalizatiortimes: Tihermalization << 0.6 fm/c.
= strongly interacting Quark-Gluon Plasma

N. BORGHINI —p.2/30
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ldeal fluid dynamics
In heavy-ion collisions

A few reminders oriluid dynamics

® Fluid dynamicdn heavy ion collisions: theory

» Overall scenario

» General predictions ofleal fluiddynamics
s Anisotropic flow

® Fluid dynamicsand heavy ion collisions: theory vdata

® Reconcilingdataand theory (?)
(including predictions foCu—-CLU@RHIC andPb—PI@LHC)

R.S. Bhalerao, J.-P. Blaizot, N.B., J.-Y. Ollitrauiticl-th/0508009
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Fluid dynamics
various types offlow

mean free path\»\
IF" Knudsen numbekn = —
system size—"

» Thermodynamic equilibrium?

o Kn > 1: Free-streaming limit
o Kn < 1. Thermalization:Fluid (hydro) limit

® Viscous or Ideal? 5~ Reynolds numbeRe = [ ¥tuid
! viscosity—""/
s Re > 1:Ideal (non-viscous)ow 1)~ ACq
o Re < 1:Viscousflow
Ufluid

® Compressible or Incompressible? IE Mach numbei\/a =

speed of sound s
o Ma < 1: Incompressiblélow

o Ma > 1. Compressible (supersonitpw
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Fluid dynamics
various types offlow

Three numbers:

A .
anz, Re = : Ma =

—> an important relation:

A VAuid L Veuid _ o

Ui Cs

Kn x Re =

Compressible fluidThermalized means Ideal

Viscosity = departure from equilibrium
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ldeal fluid picture
of a heavy-ion collision

(0) Creation of a denseasof particles

(1) At some timery, the mean free path is much smaller thaall
dimensions in the system

= thermalization(Ty), ideal fluiddynamicsapplies
@ Thefluid expands: density decreasgsncreasesystensize also)

(3) At some time, the mean free path is of the same order asytkiem
size:ideal fluiddynamicdgs no longer valid

“(kinetic) freeze-out
Freeze-outusually parameterized in terms of a temperafljrg

If \ varies smoothly with temperature, consistency requiies< 1y

5~ analytical predictions, se8l.B. & J.-Y. Ollitrault, nucl-th/0506045
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Heavy-lon observable:
Anisotropic flow

Non-centralollision: Initial anisotropyof thesource

(in the transverse plane)

= anisotropigpressure gradients,
larger along theémpact paramete’?

ﬁp- o, : : .. :
= anisotropicemission ofparticles

i‘ ) . anisotropic (collective) flow
dN dN
E—— 142 — ®p) + 203008 2() — Pp) + ..
Fp ™ prdpedy - T 210080~ PR) + 2n2cos 2 — D)+
“directed “ elliptic”

“Flow”: misleading terminology; does NOT impiyuid dynamicé
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Non-central collisions:
parameters

Initial conditions innon-centratollisions, will be characterized by

® a parameter measuring tekapeof the overlap region

0 =)

» spatial eccentricity = (7 + 22

® two numbers measuring tlsezeof theoverlap region

1 1 1
# ‘reduced’ radius= = ;| — + —
R \/ (22) " (y?)

(anisotropic floncaused by pressugeadients)

» transverse area of the collision zofie= 27r\/<x2> (y?)
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Dependence ot on
centrality

The natural time scale for, is R/c.:

massless particles
1
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Dependence ot on
centrality

The natural time scale far, Is R/ Cs: massless particles
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centrality

The natural time scale for, is R/c.:

Dependence ot on

massless particles
1

Cs = ——
ﬂ@ Impact parameter dependence 0 \/§
v, Scaled j 5 4 R 4
by initial ettt
excentricity.6 - , g ’,&-**
8 <92_5E2> 05 = b=4 f’
(y2—|—9c2> - x b=2 **
0.4 "
I [ 3
0.3} .
: f*
0.2:’ f
[ l*
0.1; #*
L.ﬂ?'fw‘ - Gt
0.5 1 1.5 2 2.5 3 R

Workshop on QGP thermalization, Wien, August 10, 2005

N. BORGHINI — p.9/30



Dependence ot on
centrality

The natural time scale far, Is R/ Cs: massless particles

1
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Dependence ot on
centrality

The natural time scale far, Is R/ Cs: massless particles

1
CS — =
08 Impact parameter dependence \/§
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The natural time scale for, is R /c.:

Dependence ot on
centrality

massless particles

Impact parameter dependence
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vo Knows nothing about early times!
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Dependence ot
on the speed of sound

Variation withcg

* Cs=0.1
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Dependence ot
on the speed of sound

€ Variation withcg
0.8
0.7
0.6
05 = Cs=0.2
- *x Cs=0.1
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Dependence ot
on the speed of sounda

€ Variation withcg
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Dependence ot
on the speed of sound

€ Variation withcg
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Dependence ot
on the speed of sounda

€ Variation with cg
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Dependence ot
on the speed of sounda
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5~ one can increase by increasing:.
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Anisotropic flow:
predictions of hydro

Characteristic build-up time af; is R/c.
vy /€ constant across differenentralities
v9 roughly independent of theystem siz€ Au—Au vs. Cu—Cl)

vy INCreases with increasirgpeed of sound,

e o o o @

Massordering of thev, (pr) of differentparticles
(the heavier th@article the smaller its); at a givenmomentun)
(W] 1

Relationship between differenbrmonics = —
(v2)* 2

°
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RHIC Au—-Au data:
a personal choice [1/4]

vo(py) atmidrapidity, minimum biascollisions:
STAR Collaboration, Phys. Rev. 2 (2005) 014904
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RHIC Au—-Au data:
a personal choice [2/4]

vo(py) for variouscentralitieg(impact paramete)s
STAR CoIIaboratlon Phys. Rev D( 005) 014904
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RHIC Au—-Au data:
a personal choice [2/4]

vo(py) for variouscentralitieg(impact paramete)s

STAR CoIIaboratlon Phys. Rev O( 005) 014904
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RHIC Au—Au data:

(Pseudo)rapiditgependence af;

STAR Collaboration,
Phys. Rev. 2 (2005) 014904

v, (%)

15 % STAR

C ® PHOBOS

PR T R P T R
0 4 2 0 2 2

vo(Nydro) flatter thandata
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a personal choice [3/4]

Hirano & Tsuda,
Phys. Rev. (G6 (2002) 054905
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RHIC Au—-Au data:
a personal choice [4/4]

U4

?}2)2
STAR Collaboration, Phys. Rev. 2 (2005) 014904

Transverse momentudependence

ideal fluid
prediction
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& v5(p;) hydro < data \
& v5(y) hydro # data
[ o hydro < data

ldeal fluid dynamics
vs. RHIC data

> what is wrong withdeal fluid scenario?

(UQ)Q J




ldeal fluid dynamics
vs. RHIC data

& v5(p;) hydro < data \
& v5(y) hydro # data

[ v42 hydro < data
(UQ) J

> what is wrong withdeal fluidscenario?

(0) Creation of a densezasof particles

(1) At some timery (~ 0.6 fm/c in hydro model}; the mean free path
A 1S much smaller thaall dimensions in the systenk(z < 1)

= thermalizationjdeal fluiddynamicsapplies
(2) Thefluid expands: density decreas@sncreasesysternsize also)

(3) At some time, the mean free path is of the same order as/tiem
size:ideal fluiddynamicdgs no longer valid
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ldeal fluid dynamics
vs. RHIC data

& v5(p;) hydro < data \
& v5(y) hydro # data

[ v42 hydro < data
(UQ) J

> what is wrong withdeal fluid scenario?

(0) Creation of a densezasof particles

(1) At some timery (~ 0.6 fm/c in hydro model}; the mean free path
A 1S much smaller thaall dimensions in the systenk(z < 1)

IS this really true?
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ldeal fluid dynamics
vs. RHIC data

& u>(p,) hydro < data |

A u2(y) hydro # data % \yhat is wrong withdeal fluid scenario?

[ v42 hydro < data
(UQ) J

(0) Creation of a densezasof particles

(1) At some timery (~ 0.6 fm/c in hydro model}; the mean free path
A 1S much smaller thaall dimensions in the systenk(z < 1)

IS this really true?
IZ= Can we estimate the number of collisions per particte ' ?
IE" How dowvs, v, depend onin—1?
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Anisotropic flow
vs. humber of collisionsin !

An exact computation of the dependencegfv, on the number of
collisions per particlé<n ' requires some cascade model. ..

... but we can guess the general tendency!
® in the absence of reinteractions{~' = 0), noflow develops

® the more collisions, the larger tla@isotropic flow

® for a given number of collisions, they/stenthermalizes: further
collisions no longer increase

A);nplete thermalization

1 Kn™!

Workshop on QGP thermalization, Wien, August 10, 2005 N. BORGHINI —p.17/30
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Anisotropic flow
vs. humber of collisionsin !

An exact computation of the dependencegfv, on the number of
collisions per particlé<n ' requires some cascade model. ..

... but we can guess the general tendency!
® in the absence of reinteractions{~' = 0), noflow develops

® the more collisions, the larger tla@isotropic flow

o for a(given number of collisions, theystenthermalizes: further
collisions no longer increase should be quantified!

A);nplete thermalization

1 Kn™!
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ldeal fluiddynamicspredicts

U4

(v2)?

Incomplete equilibration &
RHIC data [1]

1
=5 RHIC dataare above+{ 1.2)

5~ increase can be explained yomplete equilibratiomaturally:

/

\&)

Workshop on QGP thermalization, Wien, August 10, 2005

A)mplete thermalization
1 Kn™'
V4
I 1
1 Kn

<vn proportional to the number of collisions, ' =

i
\%

[\

V4 1
x
(12)2 — Kn—1

1 Kn!

N. BORGHINI — p.18/30



Number of collisions Kn:
a control parameter

The natural time (resp. length) scale foris R/c. (resp.R)
= number of collisionger particle to build ups:
R _ R c. o dN
Knl~~=R — |~ 2=
" A Un(cs) c S dy

o interaction cross sectiony7) particle densityS transverse surface

1 dN

s S control parametefior v,: to vary Kn !, one can study
Y

#® centralitydependence (using the universality:gf )
beam-energy dependence

systernssize dependence: importance of lightesystemk
rapidity dependence

e o 0o

® transverse momentudependencesf /= o N\, = Kn ' \)

Workshop on QGP thermalization, Wien, August 10, 2005 N. BORGHINI — p.19/30



Control parameter:
centrality dependence

Thenumber of collisiongo build upv, is Kn~ ' =

In Au—Au collisions at RHIC:

b(tm) | R (m) | 4| () @m?)
0| 2.07 | 1050 5.4
2| 2.02 975 5.4
4| 1.89 790 5.5
6| 1.68 562 5.3
8| 145 | 344 4.9
10| 1.22 167 3.8
”(CE) hence), varies little forb = 0—8 fm, while R varies by 30%
. 1 dN
IE" centralitydependence ofl o = d -dependence

Workshop on QGP thermalization, Wien, August 10, 2005
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Incomplete equilibration &
RHIC data|2]

Centralityand beam-energy dependence:

w
~

B |
=0.25F HYDRO_limits ]
0.2 {r =

0.15F Tt =

L 7*¢ ]
: v‘L %?é ]
0.1 % o ® —— E,/A-118AGeV,E877 | ]

—m— E,,/A-40A GeV, NA49
0.05 [ < —@— E,,/A=158A GeV, NA49 ]

r_}_| f —fe— \5=130 GeV, STAR
—h— \[5,v=200 GeV, STAR Prelim. |

0 5 10 15 20 25 30 35
(1/S) dN_, /dy

NA49 Collaboration, Phys. Rev. €3 (2003) 034903
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Incomplete equilibration &
RHIC data|2]

w
\ T T T T I
N -
> 0.25
0.2
0.15
1 0.1 + ° — 5 E,/A-11.8A GeV, E877
| B . l? —@— E,,/A=40A GeV, NA49
B N i
0.05 - —@— E,_,/A-158A GeV, NA49 7
- r_}_| —sfe— \5,,=130 GeV, STAR ]
B —h— \[5,v=200 GeV, STAR Prelim. |
0 B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I IIIIIIIIIIIIIIIIIII ]

0 5 10 15 20 25 30 35
(1/S) dN_, /dy

NA49 Collaboration, Phys. Rev. €3 (2003) 034903

Scaling lawseems to work for RHIGlata(+ matching with SPS)
vo(Kn~1) increases steadily (no hintlatdro saturatioin thedatg
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Incomplete equilibration &
RHIC data [3]

(Pseudo)rapiditgependence af;

Steve Manly (PHOBOS Coll.) PHOBOS Collaboration
oM05 Phys. Rev. Letto1 (2003) 052303

hu_usf_ ;' é 4?. .....{. 0'6% Central =]
B ‘+ % é\_ i }00000 o}::. e 200 GeV
0.04— L 8 - 5 I e e 130 GeV 7
- + Z '{. = 19.6 GeV
0.03|— i s +
C ._+. s 2 + lllll F{ —_
0.02]- _ e z I ® -
" e 196 GeV + - ° L BN _
i 62.4 GeV + ~d
- = 130 GeV - -0.‘.‘ -
s 200Gev. o 1 T
IIIIIIIIIIIIIII | i1 i -} | | | I | | -} i1 1
e 5 4 3 2 10 1 2 -4 2 0 2
? N = MN=Ybeam

dN . .
IE v5(n) and— approximately proportional < ve ox Kn~!

dy
Hirano, Phys. Rev. G5 (2002) 011901
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Reconcilingdata and theory

In hydrodynamical fitsthespeed of sounis constrained by, spectra,
which require asoft equation of state
— with ahard equation of stajthe energy peparticleis too high

All relies on theassumptiorihat the energy peyarticleis related to the
density, i.e., thathemical equilibriums maintained

® chemical equilibriums more fragile tharinetic equilibrium
® the only experimental indication ahemical equilibriums in the
particleabundance ratios (cf. howevere™...)

If there i1s nochemical equilibriumenergy peparticleand density are
Independent variables, as in ordinary thermodynamics

5~ there is no constraint on theuation of statfrom p; spectra
one can consider a larger to increase, in central collisions
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Incomplete equilibration:
predictions for Cu—Cu flow

® The matching between central SPS and peripheral RHIC sugge
that we can even compasgstemawith different densities, i.e.,
differents (andc.)

IS5~ comparetu—Auatb = & fm with Cu—Cuatb = 5.5 fm
(similar centrality)

» If hydroholds,v, should scale like: vo(Cu) = 0.69 v5(Au)

L 1 dN .
» If thermalizations mcomplete,@ X g & Kn~ 1 ie.
¢ Yy

v3(Cu) = 0.34 vo(Au)

U4

® Cu—Cufurther fromequilibriumthanAu-Au = ()2
V2

> 1.2
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Cu—Cu collisions at RHIC:
anisotropic flow [1/2]

Steve Manly (PHOBOS Collaboration) @ QM’05:

| | |
PHOBOS preliminary

o 200 GeV, tracks ¥ 130 GeV. Star
0.3- © 200 GeV, hftﬂ ® 17 GeV, Na4d -
130 GeV, hits = 4 GeV, EBTT
e s 200 GaV, tracks 4
a o 200 GeV, hits I

U p2- « 624GeV his .9 —
> i eed
2 4

mm’** i

% 10 20 30
1/(S) (dN_ Idy) [fm™]

IE" Cu—Curesults seem to be compatible wilifx, ~'-scaling
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Cu—Cu collisions at RHIC:
anisotropic flow [2/2]

Gang Wang (STAR Collaboration) @ QM’05:

SO 20%-60%
1355 o v,{2} CuCu »
30~ ° v,{4} CuCu
- o v,{CuCu-pp}
20 g S
- =
L o
15— Pl
E == .UJ'” 1 i
E %S%FE;_‘ ; %
5 W
_:@@ STAR Preliminary
e e by 0 e by el oo b e o e g o g
% 1 2 3 4 pf(Gech

Measurements with different methods give very differentalues
(not a surprise...)

Wait and see!
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Hints of iIncomplete
equilibration In RHIC data

R.S. Bhalerao, J.-P. Blaizot, N.B., J.-Y. Ollitraulticl-th/0508009

. . . . . R

® A reminder: the natural time scale fanisotropic flowms —
C

» no knowledge about early times )

# anisotropic floncannot conclude oaarly thermalization

. 1 dN
® Size ofu, controlled byin S but data do not saturate:
Y

Incompletezquilibration

® v, overshoots theydrodynamicaprediction... because the latter
IS over-constrained by a non-exist@femical equilibrium

® Predictions forCu—Cucollisions at RHIC. ..

data shown at QM’05 too preliminary
® ...and forPb—Phat LHC!
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Predictions for LHC

Measuringanisotropic flowat LHC, you will find

P larger than at RHIC (getting closer tocrmalization
€

largersignal larger statisticgg= easier measurem@

U4
o
| (02)2
Well... that definitely means a smallegnal . .

. . 1
smaller than at RHIC (closer to the=al fluidvalue 5)

. 1 dN
® Smaller systems yield complementary valuesgc%— x Kn~t,
Y

allowing checksi(iermalizatioror not? onset otquilibratior?)
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Hints of iIncomplete
equilibration In RHIC data

Extra slide



Methods of flow analysis

Anisotropic flowis usually measured usiriggo-particle correlations

(cos2(¢p1 — da))~ (cos 2(p1 — D)) {cos2(Pr — p2)) = (v2)°

Assumptiorrall two-particle correlationare due tdlow. . .
...which is obviously wrong!

“Non-flow’ sources of correlationgets, decaysof short-lived
particles,global momentum conservatipguantum effect®etween
identical particles, etc. can bias the “standdidiv analysis

The bias is comparatively larger for smaligistems

D% New methods for measurirfgpw have been developed
cumulants of multiparticle correlationlsee—Yang zeroes

(N.B., P.M. Dinh, J.-Y. Ollitrault, R.S. Bhalerao, 2000-2004
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