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Introduction
Heavy ion collisions at RHIC =

a strong jet quenching — deconfined

a large elliptic flow v, consistent with hydro evolution
and small viscosity — perfect fluid

CLAIM: strongly coupled QGP = sQGP
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How to address a,(T) ~ O (1) ?
e Lattice QCD

e Perturbative QCD (PQCD) os(T) <1< T > T,
extrapolated to as(7T) ~ 1
PQCD successful at 7" = 0:
e ) > Aqcp = hard processes
o @ ~ Aqgcp = Jet structure

o AdS/CFT correspondence Maldacena, 1998
= A > 1 regime of gauge theories extrapolated to A ~ 1

o applies to N' =4 SYM with gauge group SU(N,),
not really to QCD yet...
L @ assumes A > 1, N. > 1
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AdS/CFT correspondence has initiated
strong theoretical activity

e studies of SYM plasma

e unexpected models for confinement
Karch et al, hep-ph/0602229

a light-front holography
Brodsky & de Teramond, 0802.0514

worth keeping informed about it !
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Plan L

1 Phenomenology: revisit arguments for sQGP
o Jet-quenching
o elliptic flow v,

in fact: PQCD extrapolated to o, ~ 1 consistent with data

2 Sketch of AdS/CFT correspondence
o heuristic description using D-branes
o application: parton AE in SYM plasma
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Warning: knowledge under construction

=
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1. Phenomenology

y i « . __ # particles in central AA (pr)

R e e )| colored particles
Inclusive h* [STAR]
- suffer energy loss
GLV parton energy loss (dN/dy = 1100)
B BT S — -
%L’%@%&%AM@&%&% ‘ﬁ % . -
0 2 4 e e 0 12 14 16 18 20

p, (GeV/c) -

PQCD = AFduced = AERSE — AEY ~ gL (L < Ler)

rad

. ~ 2
transport coefficient § = & ~ o273

=
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Medium effects on parton propagation in PQCD
e leading order: elastic scattering

E B
"
X A x X
1 2
. I N T
= momentum broadening (Ap?)r =p*¥ =4¢L (=L

a next order: broadening induces radiation

0, k
= = i = k| <
ICE : b
X X X
2
dE

L dz linduced ™ &s qﬁ_(L) ~ Qg - qAL = AE’indu(:ed ~ OCSQLQ
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. N 2 "y
extraction of § = & ~ 2T sensitive to as, 7,
and model for AA collision

e In realistic model B. Zakharov
. . A2
G~ 1.5GeV?/fm > eoq ﬁ ~ 0.04 GeV?/fm
= deconfined medium

perturbative QGP or sQGP?

a ¢ consistent with PQCD evaluation

to leading-log: ¢ ~ 47Cra’nln (4«0/1235@)

Arnold, 0810.1026
= G~ 1.7GeV?/fm (for as = 0.5, T = 300 MeV)

=
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e~ from D + B decays

Raa(Q) =~ RAA((] g)

T T T
Lf(: //////////STARhgdhd p 6GV/ 1
I eeeas I DGLV R (c+b) i
- Il: BDMPS (c+b)
IIl: DGLV R+EL (c+b)
------------- IV: Hees/Rapp EL (ctb)
—e——— V: BDMPS (c only)

"I AutAu (0-5%)

naively: AEg < AE,
‘dead cone effect’

Oraq < M /pr suppressed

= less quenching for
heavy flavours

L PQCD failure? sQGP?
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e explaining R4 (e™) with
AFE,,.q still possible
B. Zakharov
e AE(E,M,T,L,a,) has a
rich structure
S.P., A.Smilga, 0810.5702

AE

M2<(x \/ET?
0 \/ET? <M2 <y EZ\

M?2> Ez\
/' l"

E ~
oM L*

1
L= 285 = (M)
L < L*= AEg ~ AE,
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a is deconfined medium in (local) thermal equilibrium?

— soft particles, anisotropic flow Ollitrault, 1992
y P

anisotropy in ¢
characterized by
elliptic flow

X
_ (p2-pd)
\/Zj V2 7 2 p?)

vy large = strong interactions in almond = sQGP

¢

Glauber

) I STAli non—ﬁow corlrectedl(est.) I

1 1]/5:[()’4

7 ~ (.14 0.1(th) + 0.1(exp)

Luzum & Romatschke, 2008
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« PQCD: T 5>1

Q non-perturbative expectation (AdS/CFT):
TN — 00) = E ~ (.08 Kovtun, Son, Starinets, 2004

= PQCD apparently ruled out
= nearly perfect fluid produced at RHIC = sQGP

What is actual PQCD prediction for n/s?

e fixed coupling:

—
g
—
-—
—
- J
—
-—
-
-—
-—
-

-

(Arnold, Moore, Yaffe L : M. Blihm

hep-ph/0302165)

100 1000
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e running coupling:

—1 oz ()

—1
no~ )‘transport ™~ Otransport ™ f dtt T2

PQCD: a,(t) ~ -~ = enhances contribution of small ¢
situation is similar to AE..(parton) S.P & A.Peshier, 2008

PQCD with running oy
consistent with lattice

Peshier, 2009

=
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don’t discard perturbative approach!

o PQCD is predictive, successful at T' = 0,
even beyond expected range of validity

a soft hadron energy and & distributions within jets

e at7T # 0, PQCD extrapolated to as ~ O (1) works well:
o Jet-quenching (light and heavy flavours)
a Viscosity

= two possible paradigms

e QGP dynamics is perturbative — extrapolate o, < 1
e QGP dynamics is non-perturbative — use AdS/CFT?

=
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2. Sketch of AdS/CFKFT approach L

AdS/CFT correspondence

— strong coupling limit of gauge theories

a context: Supersymmetric String Theory

elementary objects = strings

gs ~ gPlaan

o dfive consistent SST’s (Green & Schwarz, 1985)

- living in d = 10 dimensions
- related by dualities

a string theory includes gravitation

and D-branes = p-dim objects
where open strings end
(Polchinski, 1995)

=
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(Horava & Witten, 1995)
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% stack of N

D3—branes

d=10 spacetime

low energy deforms
excitations Sspacetime
N=4 SYM with AdS/CFT | close to D3—branes:
gauge group SU(N o) —< - metric =
CFT duality AdS: X S

=
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o Maldacena conjecture (AdS/CFT correspondence):

N =4 SU(N.) SYM
In d = 4 Minkowski <
spacetime

theory in d = 10 equivalent to theory ind =4 !

Type IIB SST on AdSs x S°

ds? s = 5 (d7? — dt?) + & dr?

Holographic Principle:
a theory containing gravity
must be dual to the boundary theory

symmetry of N =4 SYM = SO(2,4) x SO(6)
= isometry group of AdS5 x S°

©
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o parameters:
g2, =4mgs 5 A=g2 Ne= ()

Gy — 0, No — 00 .. 9s <1 (weakly coupled)
with fixed A > 1 R > (s (weakly curved)
NP quantum . .
calculation ind — 4 classical supergravity
boundary SYM theory calculation in AdSs X S
SYM theory in
flat d=4;sacetime COnformal group
I SO(2,4)
— TZEZ HBSf“ _ has a mathematical
D3-brans o representation on

AdSs

=
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SYM = non-abelian gauge theory
= AdS/CFT might be used to learn about QCD

SYM QCD
no confinement confinement
continuous spectrum discrete spectrum
conformal running coupling
supersymmetric not supersymmetric

“AdS/QCD” not guaranteed!!
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IR-UYV correspondence
e dilatation: z# = (t,7) — Kat

N SYM string side
p ' o d5%,5 = 2 (d72 — dt?) + B dr?

invariant under

scale invariant
ot — Katandr — r/K

IR — large z# <~ small r
UV < small 2 < large r

iIn Minkowski space,
typical energy scale

1
QNWo(T

D3—branes
(r=0)

=
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AdS/CFT at finite 7 L

e 3 another solution: AdS - Black Hole metric
ds? = (dE?— fdi?) + Bedr? ; f=1-18

AdS—BH r2f

~ black hole singularity at the horizon r = rqg = 7R*Ty

a |R-UV correspondence:

processes at r > ro < energy scale Q > 2z ~ Ty

| iIntroduce temperature
AdS'BH metnC N T — TH in N — 4 SYM
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Heavy ‘quark’ AF in SYM plasma L

e add quark flavour to the picture  (Karch & Katz, 2002)

add fundamental quark . add D-brane down to
In boundary theory r = rmin IN AdS Space

D—-brane

black hole
horizon

finite T SYM with
fundamental quark

r

y

=0 TI=r1
’ Mg =Ty (fmin = 1)
open string

= 00

heavy quark moving in ., open string endpoint
LN =4 SU(N.) SYM plasma moving on D-brane
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The trailing string picture (Herzog et al, 2006)
— Study classical dynamics of open string in AdS-BH

Nambu-Goto action
Sna = —Ts [ dodr\/—det gop(XH(o, 7))

o drag quark with velocity v along x-axis
a look for string profile z(r,t) = z(r) 4+ vt minimizing Sxg

= 2(r) = }o & |5~ tan1(£) — coth ™ (%)

To
: M Ts =52 5 10=mR*T
e r S 272 ) 0
S, ) dE _ T 002 2
energy flow =yv2 T, _02 = dt 5 YU \/XT
e N (A>1)

I ‘ "trailing string"
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A physical interpretation (Marquet, 2008)
(Giecold, lancu, Mueller, 2009)

physical process responsible for = in the SYM plasma?

ry o ~Ty 7L UV/IR correspondence
_____________ r
an r + () = 7= on boundary
y singularity
| /%rgi;gy energy loss from
N r<SVIro e QS VAT

causally disconnected

— suggests energy loss arises from radiation of soft
components @) < /7T of heavy quark proper field

purely radiative loss, inducing quark pp-broadening

=
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Summary

e RHIC data in intermediate region as ~ O (1)

e Two theoretical paths to A-A collisions and QGP

e perturbative QCD (o < 1)
a only fully predictive approach known
o not ruled out by heavy-ion data

o AdS/CFT correspondence (A > 1)
a not yet predictive for QCD
e rich and promising
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