QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.
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QCD maps, ca 1994
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The Treaty of Tordesillas:

Portugal - Spain, 1494

QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.

Dividing
the unknown...



QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.



The lessons?

1. The less we know, the sharper are the boundaries

2. Sharp boundaries do not last long -

3. They disappear with the advance of knowledge



Why focus on hard probes?

One reason:

| would rather discover a single fact, even a small one,
than debate the great issues at length without discovering
anything new at all.

-Galileo Galilei

But we have even better ones...



Asymptotic freedom and hard probes

0.5 ,
(@ |\

0.4

At short distances,
the strong force becomes weak -

03¢

one can access the “asymptotically
free” regime 1n hard processes

0.2 +

0.1+

But: the harder a parton 1s hit,

the more intense radiation 1t emits;
this happens because even though
o, <<1,0,ln (Q?*/ A?) ~ 1

(large phase space)

=> Scaling violations, jet structure



QGP: A.Accardi,
Fast partons as a probe N.Armesto,A.Majumder,

B.Muller,X.N.Wang,
In QCD vacuum, the probability of ~ U.Wiedemann

gh,l()n radiati()n ~ OLS ln (Q2 / AZ)’ schematic view of jet production

determined by the properties <> é \

of matter: J !
| hadrons '// l\‘

In hot quark-gluon plasma

1n medium, the scale A 1s

A2= Ghot L (hot - transport coeff.

L - size of the system CGC: R.Baier, F.Gelis,
J.Jalilian-Marian, E.Iancu,
L.McLerran, A.Mueller,
D.Triantafyllopoulos,
K.Tuchin, R.Venugopalan

In cold nucleus at small x

AN =Q/2 the saturation scale;

C\) — fh f}hiL



Heavy quarkonium as a probe

The Matsui-Satz argument:

#» deconfinement = screening

—> no heavy quark bound states in a QGP

1.0 '\ur{r}l,rﬁ”?I I I 1 - — .
05 bound state, e.g. J'y / v‘:fq (T‘-‘ T) — oo confinement
00 ¢ -
o5l | Vigq(r,T') < oo deconfinement
10+ confined
deconfined ——
15
20+
25t e
3.0 : : - .
0.0 0.2 0.4 0.6 08 1.0
the link between the observables
Talk by F. Karsch and the McLerran-Svetitsky

confinement criterion



What do we probe?

1. Strongly coupled Quark-Guon Plasma

2. Color Glass Condensate



Talk by F.Karsch:

sQGP

280 f ' '

T, [MeV] .
260 |
240 |
220 |

200 -

180 |

160 |

ne=2, std —g—

Mpg [MeV]4

0 500 1000 1500 2000 2500 3000 3500

mpg ~ 140 MeV : T; ~ 175 MeV

map ~ 1.5 GeV : T. ~ 265 MeV

(mps = o)

lightest masses apparently do
not control the transition

J.-P.Blaizot,

R.Gavai,
F.Karsch,
K.Rajagopal,
E.Shurvak

L ﬂrTld | CRHIC | fsﬁn‘*l—-'

14 | .

12 | L S -

07 N Lljr::'

8 Ngs 2l -

o1 0 flavor

4 F ]

2r ﬁ T MeV] ]

{] 1 1 1 1

100 200 300 400 500 600

ny =2: €c ~ (6 +2) T}

~ (0.3 — 1.3) GeV/fm®
nyg =0: €c ~ (0.5 —1) T2

~ (0.3 — 0.7) GeV/fm?

change in e./T* compensated by shift in 7.
transition sets in at similar energy (or parton)
densities = percolation



Strongly coupled QGP

0.6

' = | oD q TTf=T§ —_—
p/T* pe™ | 05 ¢ 1@' 0!
- ] 0.4 |
0.3
3 flavour
2+1 flavour =— _ 0.2
2 flavour
pure gauge b
T [MeV] N
100 200 300 400 500 G600 0.01 0.1
F Karsch T-dependence of
the running coupling
€ 7£ 3P develops in the NP-region

at T<3 T,



Percolation — deconfinement, CGC ?

example: 2-d disk percolation (lilies on a pond)

H.Satz
T.Hatsuda
1solated disks clusters percolation
. 14l M. Nardi
> 1 ‘”F' q-ﬁ' :
J. Dias de Deus, 3 o8f
C. Pajares s 06y
2 04}
E |
= 0.2 + Pb-Ph, vs=17.4GeV

0

0 50 100 150 200 250 300 350 400
Number of participants



sQGP: more fluid than water?

J.P.Blaizot,
, | | | R.Gavai,
20 ; T.Hatsuda,
N B 16 x8 _
1.5 ¢ T i EdﬂxE . K‘Rajagopala
‘ E.Shuryak
1.0 ¢ - X Perturbative
I | T‘:lTEUI}’
s |
| ‘; L KSS bound
00F "~~~ 77 e K - Perfect fluid
-0.5 . .
| 1.3 2 2.5 3
T/Tc
Talk by T. Hatsuda A Nakamura and S.Sakai,
KSS bound: hep-1at/0406009

strongly coupled SUSY QCD = classical supergravity



sQGP and the quasi-particle picture
J.-P.Blaizot, K.Rajagopal

1e-07 | — Effect of collisions
oot MR S \Width of
le-09 ¢ — T 1 . -
T o0l LN |  auasinarticles
: g ] ,4-‘/ E\“.\ T =no n~T°
fe-12 | I Ay | 5 )
te-13 | / Sl o= jdq (do/dg*®)
le-14 L :
0 2 4 6 & 10 12 14 16
®/T
2 4
Karsch et al, hep-lat/0110208 dg/ dg” ~ g / q
Plot from F. Gelis, hep-ph/0209072
-LTE 1 ~ Q_ET

Damping is anomalously large m2 D



Quark number fluctuations in sQGP
R. Gavai

1 1.0 —

Imuch = 0.1 g

ms/Te=1.0 i 1
08 B i ne ?/HI‘/—;/_J .

06 . I I ¢

» [_::r 08|

0.4 %

07|
021} Ni=2, Ni=4 —e— _
Quenched
Ni=2. Ni=4
L 05 1 15 ? 75 3 35 0.6 ' 5 ' 3

TiTe TIT,



Color Glass Condensate

Y

Y,(k.) B

0 Qi A

Non-linear -/~ Linear

Color Glass /

s /o
Condensate /4
Aot i z.“‘*b Parton Gas
_.jr.'l-
]

= DGLAP

.-‘J
nA~  Ink? InQ~

Overviews:

J. Bartels,

E. lancu,

L. McLerran,
A. Mueller

R. Venugopalan



In search of the ultimate
non-linear evolution equation

* GLR, MQ
- .-’5"
BT O T e, JIM‘N?I B
......... E'},_
o,
=5
P BK
T Che
AN T a T i TefaaY s TeRe T+ Tulvg’ rn
--",- l’%h
THTET TS 8 = BI \/
'--r-_-‘ "':{'- , e o o
OO U O O e £ ity —
LYt Bt b i TS R el O Y O P e
TuHTT OO o

-
LN+ TirlaleaFalaFasFaRalvegay-n

Long-standing problem:
Recent advances:

: BK-equation (perturbation theory!) predicts
the role of fluctuations ) (P y!) p

power-law fall-off at large b,

(talk by E. Iancu) nonperturbative strong interactions needs
exponential fall-off:

need to modify the evolution equation!

(talk by J. Bartels)



The Probes

1. Heavy Quarkonium
2. Jets

3. Heavy Quarks

4. Dileptons



Heavy quark internal energy above T

Talks by
F.Karsch,

P. Petreczky,
K. Petrov, Or
F. Zantow,
O.Kaczmarek, -2

S. Digal 05 1 15 2 25 3 35 4

i
=
T

O.Kaczmarek, F. Karsch, P.Petreczky,
F. Zantow, hep-1at/0309121



Heavy quarkonia above T,

138 — < .
15t 1 Talks by P.Petreczky,
176 —=— 0
190 ! K.PCtI'OV,
1t %2? L % %i% %ﬁf %M% )
> ggéll e Yt Yk @.% * S.Dlgal,
S L =
u 0.5 r ?1%8 o ’ 3 Aiéééﬁﬁﬁﬁiﬁﬁé&iﬁm I F'Za’ntOW9
o T | O.Kaczmarek
05 L - : : : '
0.2 04 06 0.8 1 12 1.4
r [fm]
p(m) p(m)
3 T T T T T 3 T T T T T

Nt=46 (T~1.6Tc) with 34 data points MNt=40 {T~1 9Tc) with 26 data points

with 39 data points l with 33 data points

21 i 2} { T.Hatsuda
1.5+ - 15}

05| J\/\ : U.S-N\
0 e Y O/

0 5 10 15 20 é5 30 0 5 10 156 20 25 30
o[GeV] n[GeV]




Heavy quarkonia above T_:
lattice QCD meets potential models

Imaginary time quarkonium correlators G;,;(7,7) can be
reliably calculated on lattice

Talks by
5 A. Mocsy,
| P.Petreczky
2 o
g 0a| 7 7 Try to understand them in
ol i‘:‘% — a potential model;

2.61T, —v—i
0.8 —

0O 02 04 06 08 1 12 14 16 18 2

i note: OPE # potential model

o(w,T) = 2M; Fy(T)6(w? — M2(T)) + 0(w — so(T))w?, F; ~ |R(0)|?



Heavy quarkonia above T_:
screening vs 10nization

D. Blaschke,
M. Nardi,

R. Rapp
R. Thews

— = suppression only
10 —— suppression + regeneration
i - , ’
e R '\ '
E. 15 ¥ Y, ,
5y -\ ]
E I'.l . \ : f
=AU |
Swq N L CAu-Aun
Z 5 Lo A Vs=200GeV |
:' L .
_:I'“I :""'-.___ _
I : e ———
- QGP - MIX HAD
I:}- i i i: i | L i ] i | ] | 1
0 15

-~ Ny - equilibrium

5 10
time [fm/c]



J/y formation from recombined charm pairs

o , R. Thews
TNy Formation in AA Interactions at RHIC200
Nommalized Rapidity Distribations, 10 x 10° NLO cc pairs R. Rapp
I 1 I L I 1 I L] I I I
E FHENIX hep-ex/O307019
& PHENIX Run 3 prelim
= A cc diagonal pairs, unbiased - . .
® Formation from all pairs Recombination
0.4 - NAarrows
Z the rapidity
Z Ce
. distribution
0.2 —
| . |




Jet d’Eau 3-jet event at LEP,
Geneva CERN, Geneva



Jets - 11

QuickTime™ and a
TIFF (Uncompresse d) decompressor
are needed to see this picture.

Atlantic ocean, Au-Au collision event, RHIC
Coast of Portugal Long Island, New York



Jet suppression

R e s o A o5k

O PHENIX 7 ® STARh -
1 N | N\ 0.1 e STARAu+AU

(PHENIX 0-10%) £ - O STAR p+p

0.05 |-
®
0L ‘O: ———
. 10-20%
o 01
<
£ 005
) i
-1 20-30 -
10 H—+H+—+—+F—"++++ O+
PHENIX 40—50% N A
11 BT . n [ 30-40% I
/75555 ++ * T ] 0.1 | —— HIING shadow } AutAu = htent
______ EKS shadow * 1 Vs=200 CeV i: [ B ehadow J VE=200Gev
i —— HIJING shadow | Aut+Au —> 7’ h ] 005 | y 7]
10-14q_60%\\\6q_80Z\\\ EQ
2 4 6 8 10 2 4 6 8 10 O7‘3“““““7“““““7
pr (GeV/¢) 04 06 08 1 06 038 1

AP /70 AP /v

X.-N.Wang A.Accardi, A.Majumder,
U.Wiedemann



Geometry of jet suppression

{b)

Talks/lectures by N.Armesto, R.Baier,
B.Muller, X.N.Wang, U.Wiedemann

z _

S

z -

_"'é_"“ 02— 7

< [

<]

Z 0.1- .
R S o4 -
P ket it At c o

£ -pip o

_0 1L ™ AutAu, in-plane b

"I ¢ AutAu, out-of-plane :
-1 0 1 2 3 4

A ¢ (radians)

'\ STAR Collaboration

Figure from J.Bjorken, FERMILAB-PUB-82-059-T



Jets and the flow

vacuum medium flowing medium

o _- N.Armesto

U.Wiedemann

dE"’““f(dndq;) g dEt‘”‘!(dndq:-)

'ﬂ-ﬂl:l'lIIIIIIIIIIIIIIIIIIIIIIIIIIII|:|'IIIIIIIIIIIIIIIIIIIIIIIIIIIIII1‘]




Sonic boom 1n sQGP?

L.f \

FIG. 1. A schematic picture of flow created by a jet going
through the fireball. The trigger jet is going to the right
from the origination point (the black circle). Its observation
biased it to be emitted near the surface and move outword.
Its companion jet is moving to the left, heating the matter
and thus creating a cylinder of additional matter (light grey
area). The head of the jet is a “nonhydrodynamical core” of
the QCD gluonic shower, formed by the original hard parton
(black dot). The solid arrow shows a direction of flow normal
to shock cone and having an angle 837 with the jet, the dashed
arrows show the direction of the flow after shocks hit the edge

f tha Benhall

E.Shuryak



Heavy quark energy loss: U. Wiedemann, M. Djordjevic, X.-N.Wang
Testing the Mechanism: E-1.oss of Hea uarks

* vacuum radiation suppressed * total energy loss comparable but
in the dead-cone 0<m /E smaller than in the massless case
Dokshitzer, Kharzeev, PLB 519 (2001) 199 Armesto, Salgado, Wiedemann, PRD69 (2004) 114003
1 k? B.W. Zhang, E. Wang, X N. Wang, PRLO3 (2004) 072301

= Djordjevic, Gyulassy, NPA733 (2004) 265
E7 (& 2rotm g
<ﬂEir:|>"ul:m/E)f{'ﬁEil:l:}mu(m)/E:Dj

1
* medium-induced radiation |
fills the dead-cone ol
Ammesto, Salgado, Wiedemann, PRD69 (2004) 114003 aE
dr | . massive asr  R=1000
0125 m 1 '} | L 1 i B 1§ B i
—=0.1 T 1-:;'“ 1;7‘
0.2 E m/E
Q.15 massless o _
0.1 Caveat: mass effect significant if
0.05  dead cone quark 1s slow
= w, sl hadronization inside medium
e for pt > 7 GeV

10° sl sionificant uncertainties




Heavy Quarks

T IIIlllllllllllllllllllllllIllljh.ll.tlIlllll
% Epp%bl’t{ vs=1.8TeV, I "1<1.0 ]
(H 10 e D@ Data E
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= i
w1 F E
¥ :
N i
Ldig™ L E
O iy e
K f " :
o] ) — NLO QCD, MR5A oy g
Tho” ¢ -...... Theoretical Pncertainty | 3
20 30 40 a0 &0 70 1400
hda‘t
E, (GEV)
-2
= 10
= _3 NLO pQCD
] 10 bare c-quarlc
— * 4 po compare shapes
= i g ==12
o1 10 ] =m=~15
£ =
. 10
=
<  10”
-7 STAR
10 & D" K
= O D —Dro=0.4)
10 A D —EITOC O 0.4
g D —=Knp
10”

S. Frixione:
Heavy quarks and
resummations

R. Vogt:

the influence

of fragmentation
functions



Armesto, Dainese_ Salgado, Wiedemann, in preparation

T I T T T I T T T I T T T I T T T I T T T I T
Au-Au, \fsyy, = 200 GeV, 0-10%, § = 14 GeV'Hm
99

------------ a/g + c p, slope
s g + ¢ p, slope + c fragm.

M. Djordjevic,

/ U. Wiedemann,
X.N. Wang

g'g + c p, slope + ¢ fragm. + ¢ mass

Enhancement of

H- L Ratio

S

22

6 8 10 12 14 16 the D/h ratio as

a signature of the radiative
energy loss 1in the QGP

\ Yu.L.Dokshitzer and DK,

. Pe Phys.Lett.B519 (2001) 199




Dileptons from the QGP
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FIG. 1. Schematic T-dependence of the masses of gq st:
A,V, S and PS stand for axial, vector, scalar and pseudosc
states. The dash-dotted line shows a behavior of twice
quasiparticle mass. T'wo black dots indicate places wher:
hope the dilepton signal may be observable.
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E.Shuryak: dileptons from sQGP
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C.Gale: dileptons and
Spectral functions



Baryon dynamics

378c H. Satz | RHIC and LHC: physics perspectives
10
3 Baryons
g 10 and
L
70 Recombination:
o' talk by R.Hwa
0
10

Figure 5: Regious of vanishing baryon number density for 6y = 2 (inner white and light SuekTime™ and
shaded triangles) and dy = 3.5 (inner white triangle). TIFF (LZW) decompressor
are needed to see this picture.



Hard probes of
the Color Glass Condensate

Riov CGC at y=0

Talks by

R. Baier, H. Fujii, F. Gelis,
J. Jalilian-Marian,

G. Milhano,

A . Mueller,

D. Triantafyllopoulos,
K.Tuchin

Very high energy k/ Qg

R. Venugopalan



Quantum effects

At small x, the gluon propagator 1s dressed by

the quantum evolution: Talks by R.Baier,
J.Bartels,

ISR B.Gay Ducati, E.Iancu,

this 1s because /\\_/\_/_\./\_/\/J J.Jalilian-Marian,

the probability L.MgLerran, A.Mueller,

to emit an extra gluon D. Inantafyllopoulos,

. K.Tuchin,

1s ~ o In(1/x) ~ 1 R.Venugopalan
oW e WL
Pomamationy/

As a result, the gluon propagators at small
X acquire an anomalous dimension



Quantum CGC and hard processes on nuclel

Talks by R.Baier,

B.Gay Ducati, E.Iancu,
J.Jalilian-Marian,
L.McLerran, A.Mueller,
D.Triantafyllopoulos,
K.Tuchin, R.Venugopalan

1) Small x evolution leads to anomalous dimension
L ( 1 )T y~1/2
Q*  \Q?
2) Q, 1s the only relevant dimensionfu{l parameter 1n the CGC;
thus everything scales 1n the ratio Qi / Qg
3) Since Q2 ~ A1/3 the A-dependence is changed
=>
Expect high p; suppression in dAu at small x




Quantum fluctuations in the presence of classical background:
from Hawking radiation to Color Glass Condensate

Hawking radiation




CGC contronts the data

J. Jalilian-Marian

ks ks =
= o = o
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hadrons dileptons

2-particle correlations:
breakdown of AGK?
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CGC contronts the data

K. Tuchin
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CGC contronts the data
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Dileptons from the CGC

R. Baier, J. Jalilian-Marian, B. Gay Ducati, F. Gelis
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()nen charm and charmonium

dc!d}d’q (1113 t1ar} uni ts) for m=1.5 GeV and Q =2 GeV?

H. Fujii:
“superpenetration”

1000

100 [

0.1}

0.01

with k| factorization s

exact cross-section .

0.1

q, (GeV)

F. Gelis:
Breakdown of k t

factorization

\\
\
N



Nuclear effects at not so small x

L T L N L Y W

o

O = 2 NWe oo

Greater than 60% ?

Tl N | | | Lo

1.p 2 25 3 35 4/ 45 5
Q (GeV)

About 30% Less than 4%

J.Q1u:

Power corrections
to Drell-Yan;
Back-to-back
correlations

L.Tolos:
Slow D-mesons
in cold nuclear matter



From CGC to Quark Gluon Plasma

10?

=k
=
iy

ENERGY DENSITY (GeV/fm?)
E=U
=
=

b

Melting color glass

Quark-gluon plasma
(unthermalized)

Quark-gluon plasma
(thermalized)

Quark-gluon plasma
plus hadron gas

0.1 1 10
TIME (fm/c)

Talk by
L.McLerran

How does the CGC
thermalize so fast?



The Hard Probes Caté
1s still open...

/,.

y " N I st International Conference on
Hard Probe “Hard Probes”, Ericeira, 2004
"‘-\-\ Cafe / 2nd?
o YES!
CERN, Geneva 1994 e ’
LBL, Berkeley 1994 2nd “Hard Probes™:
ECT*, Trento 1995 San Francisco Bay Area,

INT, Seattle 1996
CFIF, Lisbon 1997
INT, Seattle 1998

JYFL, Jyviskyla 1999 LBL - INT - BNL

BNL, New York 2000 .
NBI, Copenhagen 2001 Organizers: X.N.Wang, P.Jacobs,

California, spring of 2006



and finally...

Carlos Lourenco Jorge Dias de Deus

Helmut Satz Joao Seixas

THANK YOU!!



