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The RHIC Facility

...or what a good deal of

M oney and P lanning Can Buy!
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Main RHIC results

mM&

Important results from RHIC:

Chemical (flavor) and thermal equilibration
Elliptic flow = early thermalization, low viscosity
Collective flow pattern related to valence quarks
Jet quenching = parton energy loss, high opacity
Strong energy loss of ¢ and b quarks

Charmonium suppression not strongly increased
compared with lower (CERN) energies

®m Photons unaffected by medium at high p;



Elliptic flow (v,):

e Gradients of almond-shape surface will lead
to preferential expansion in the reaction plane

e Anisotropy of emission is quantified by 2
Fourier coefficient of angular distribution: v,

» prediction of fluid dynamics

Bulk evolution described by
relativistic fluid dynamics,

F.D assumes that the medium is
in local thermal equilibrium,

but no details of how equilibrium
was reached.

Input: e(x,1,), P(¢), (n,etc.).
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Elliptic flow is created early

Theory

time evolution of the energy density:
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Model calculations suggest that flow anisotropies are generated at the earliest
stages of the expansion, on a time scale of ~ 5 fm/c if a QGP EoS is assumed. .
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V,(p;) VS. hydrodynamics
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Quark number scaling of v,
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In the recombination regime, meson and baryon v, can be obtained
from the quark v, :

M - g C P ¢ O B ( )_ q Cp ¢ O
v (pt) 2V28 ) o Vo \P 3V28 3 3
I I
) LR R |
4 o*+7 (PHENIX) O p+p (PHENIX) |
@ 0.15— ® =°(PHENIX) A+7 (STAR) —
— - 0 K'+K (PHENIX) ~ =+ (STAR) E
s - < K (STAR) d (PHENIX) .
| % ¢(STAR) :
L %:r 0.1- [ ; || B
i s Sl { |
0.05 ﬂ‘@" | | -
Em iiting m edium is com posed of ﬁ PHENIX Preliminary |
cal | I 1 | 1 1 I
3

unconfined, flow ing quarks. 0 ——— b
KE,/n, (GeV)

o




Photons versus hadrons

Suppression of hadrons

No suppression for photons

/

PHENIX Au+Au (central collisiops):
M Directy |
A 70
®
GLV parton energy loss (dN’/dy = 1100)
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Theory

Radiative energy loss

——

. q_%éS ._, Radiative energy loss:

: . 2
dE | dx : pA\KT/
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ﬁ) ﬁ) ﬁ) e et e e e e e et e e e e e anaean e Scatt ering centers = color Charges
. g |
~ Density of
A) 4) S scattering centers

v luz

P= 592 § pa'/ =

’ ngz o0 K? A,

Scattering power of Range of color force
the QCD medium: 10




How large is g-hat?

B Data are described by a large loss parameter for central collisions:

PHENIX Preliminary Data and PQM Theory
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Larger than expected from
perturbation theory ? .

nuclear matter|
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ldeal gas vs. perfect liquid

B An ideal gas is characterized by interactions strong enough
to reach thermal equilibrium (on a reasonable time scale),
but weak enough to neglect their effect on P(n,T).

This ideal can be approached arbitrarily well by diluting the gas
and waiting very patiently ( limitt — oo first, thenn - 0).

B A perfect fluid is one that obeys the Euler equations, i.e. a
fluid that has negligible viscosity and infinite thermal
conductivity (relative to gradients).

There is no presumption with regard to the equation of state.

13
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Theory

What is viscosity ?

Shear and viscosity are defined as coefficients in the

expansion of the stress tensor 1n gradients of the velocity field:
T, =euu, + P(d, +uu,)-h (Nl.uk +N,u, - 2d,N ><u)+ d N>

Microscopically, /7 1s given by the rate of momentum transport:

P

=1 n*/\
L 30

Unitarity limit on cross sections suggests that /7 has a lower bound:

*3
JL* }
» T 7 12
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Viscosity of materials

Tem perature dependence ofthe shearviscosiy oftypkal
finds:
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Lower bound on n/s ?

m

A heursstic argum entfor (/s) . 5 obtained ushg ( =4, :
¢l , 0 e
f ce o
h »n(pv) _»ls8 b
y nr

The uncertainty relaton dictates thatT €/,)=[],and thus:

Allknown m aterials obey this condition!

Fory=4SUWN_)SYM theory the bound & saturated atstrong couplng:

é i
h:4s - 13251/(33)/2 4
u

P g (8¢°N u
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Bounds on 17 from v,

m

o _ :
R e htivistic vicous 0,7"" =0 with

hydrodynam xs: T+ = +1(0%u” +0"u" —trace)
~ o0z Boost invar't hydro requires n/s = 0.1.
T 018 b~ 6.8 fm (16-24% Central
016 " e [, /Ty=n/s
"= ¢ STAR Data
008 DL TRANCY e,
- I : . .
012 ¢ n/s <0.3 confirmed by 2-D viscous
o1 1 hydro calculation (Baier & Romatschke).
0-08? ..........................................................................................................................................................................
0.06
0.04 B
- — 2 .
o N=4 SUSY YM theory (g*N, [] 1):
% 02 04 0608 1 12 14 (ESV) n/s = 1/41 (Policastro, Son, Starinets).
P:(Ge

Absolute lower bound on n/s ?
17



o

”@ " JEE

.
Theory
Classical expression for shear viscosity: Baym ,Heseberg,....
— Dankelkw iz & G yulass
1 yulssy,
h» snpl, Phys.Rev.D31,53 (85)
Collisional mean free path in medium: AmoX,M oore & Yaffe

C) -1
/ J(‘ = (nS tr)
Transport cross section in QCD medium:

517 2
Se» L ] a
p (S)

I(a,)=(1+2a, )ngl+ Lo,
c asf
Collisional shear viscosity of QGP:
he» ! » 92S 1
s . 100pa Ina
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QCD matter

Low T (Prakash et al.)
using experimental J B ALY
data for 2-body -7 plons
interactions. | pions + laons
= F | QGP
|
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3 b '. High T (Yaffe et al.)
- : '\ using perturbative
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Anom abus Viscosiy
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Spontaneous color fields

M .Strickland ,hep-
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Theory

QGP viscosity — anomalous

Classical expression for shear viscosity:

h»inpl,

Momentum change 1n one coherent domain:

Dp» gQ"B‘r,

Anomalous mean free path in medium:

(4) P’ p
lf » rm<(Dp)2> » g2Q2<Bz>rm

Anomalous viscosity due to random color fields:

np R 25T
3g2Q2 <Bz>rm ngz <Bz>rm

h,»
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Expansion < Anisotropy

Perturbed equilibrium distribution:

— _qer > (p)= 1P+ /(P (1% £y (P)i

oy fo(p)=expl-u, p" I T]

For shear tflow of ultrarelat. fluid:

Shilsg, ,
£ =" Ti (p'p - 1d, )(Nu),
p

(Nu)y = (Nl.uj +Njul.)- ;dUNXu

P-space

Anisotropic m om entum distrbutions generate nstabilities ofsoftfield
m odes.Grow th mte [ ~ £ ().

] sShearflow alw ays resulis m the fom ation ofsoftcobr fields;
| Size contwolled by £ (p), ie. (lu) and n/s.
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Turbulence [ Diffusion

Vlasov-Boltzmann transport of thermal partons:

eﬂ P +F X uf(r p,0)=C|f] ¢ pa
@ﬂt Ep ﬁ | L ’B

with Lorentz force

F=g0" (E+v" B")

r(t)=r
Assuming £, B random T Fokker-Planck eq:

&
o+ PR N D) () = C4F
@W p 1 Diffusion is dominated by

chromo-magnetic fields:
with diffusion coetficient

D,(p)= fidt' F((0).0)F, (1), i BOBO) 5 B T,
A
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Shear viscosity

(] . , U .
Take m om ents of Q%+5 [N, —NpﬂD(P)[Npgf(hP,f):C%fH wih p°
p ’
/" Dy(p)= RO (FTITYY (.
// -A //
- = XOMoP@RKE
R
I N, I, *In |
:0(1) 2c bl i _|_0(10 )g 3g s+
h N -1 T r h, hec
r\'lfl’t'<E-+(t')F+i(t)> :<F2>Tm S ‘Y) M .Asakawa,S A.Bass,B M .,
PRL 96252301 (2006)
= jet quenching parameter !!! Prog Theo Phys 116:725
2007)
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Who wins?

mM&

Smallest viscosity dominates in system with several sources of viscosity

Anomalous viscosi . , ,
v Collisional viscosity

s |j”»/5
m\:% 1 - n, _ 36m
o &y Nuy o 50/ Ny*

Nu : t *® Anomalous viscosity winsout at small g and t

Estimate for turbulent color field intensity:  F?

26
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Connecting jets with the medium

Hard partons probe the m edium via the densiy ofcobred scatterng
centers: B v
$= ppPod (oo | 5¢)

KFknetic theory apples,them alghons are quastpartckes that

experence the sam e m edium .Then the shearvi COSII'SX IS
n=Crpl( \

In QCD ,sm allanglk scatterng
dom mates:

W ih [p3[]” T and s =4 p one
finds:

Str(p)/
49
»
0. (p) &
'7»5T3 M ajim der,BM ,
S 4@ W ang,hep-
ph/703085

From RHI T,=335Meq, g =1-2Tec’/qu -

data:

28
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Strong vs. weak coupling
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T3
Atstrong couplng, ., B amore faithfulm easure ofm edium

“plckness”. 9

573
49

— /s

1 In(T/T),) ~1 In(1/ A)
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Fate of the “lost” energy ()

‘ \u l \u a7 e
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Away-side jet | Trigger jet

Lost energy of away-side jet is redistributed to angles away from
180° and low transverse momenta p; < 2 GeV/c (Mach cone?).



Fate of the “lost” energy (lI)

B Near side jet phenomenon:

Longitudinal broadening of jet cones. =
“Ridge” contains all additional energy: ...
In-medium fragmentation ;

Possblk exphnaton:Longiudmnal
diffusion ofradated glions I random ,
transverse cobrm agnetic fields A .

M ajm der,..)

gpm——————— ——— — o —

= a-a Initial =0
P —20GeV f'+ — Final $=0

w & [nitial n=0
e @ Final n=0

0.3

)
IIrl

w—
. b
_.-..--_'F_.--
- ==

Fnaldstrbuton ofn-

glions

m ediim radiated Yy

Jet
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Summary
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The m attercreated I heavy bn colisions form s a hghly cobr
opaque phsm a,whih has an extrem ely sm allshearviscosiy.This
(mearly) ‘perfectIquid” behaves ke a strongly coupkd phsm a of
quarks and glions,possbly due to the presence ofstrong turbulkent
cobrfields,especihlly atearly tin es when the expansin s m ost
rapd.

Penetratng probes,ie. pts,heavy quarks,photons, are the best
way to furtherprobe this m edium .The extended dynam i range of
RHIC ITand LHC ,togetherw ih detailed theoreticalm odelng and
sn ulhtons,wilalbw us t quantiatwvely detemm ne is essental
ransportpropertes.




