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_ Summary I
;

QCD vacuum:
Confinement & chiral symmetry breaking

Other states of matter possible?

Theory — Different phases exist!

(for small )
Lattice + perturbative + models
Transition hadron gas < quark gluon plasma.

Order of the transition depends on quarks masses. For realistic
masses, most probably crossover at g = 0.

Properties close to T, different from a gas: Strongly coupled QGP?
Indications of bound states above T.

Heavy ion collisions experiments attempt to study this region.
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2. Heavy-ion collisions

and collective behavior in QCD
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_ What do we expect to learn?
;

Specific questions in heavy-ion collisions

What is the initial state of the system and how is it produced?
= What is the structure of the colliding objects?
= What is the asymptotic limit of QCD?

What is the mechanism of thermalization?
=N How is thermal equilibrium reached?

= What is the temperature of the created system?

What are the properties of the produced medium?

N How to measured them? — signals
= What is the relation with lattice QCD?

\ J
Zakopane, June 2007 High-density QCD in heavy 1on collisions 4




P
_ What do we expect to learn?
E

Specific questions in heavy-ion collisions

é )
= What is the initial state of the system and how is it produced?

= What is the structure of the colliding objects?
= What is the asymptotic limit of QCD?

J

= What is the mechanism of thermalization?
™ How is thermal equilibrium reached? Today’s talk

= What is the temperature of the created system?

~

" = What are the properties of the produced medium?

N How to measured them? — signals

= What is the relation with lattice QCD?
\_
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5 Where?

-

= SPS at CERN.

N Have collided pA at pj;, = 450 GeV/c, SU at pi,1, = 200 AGeV/c and
PbPb at p;.;, = 158 AGeV/c.

™ The program is almost finished now

= RHIC at BNL
S pp, dAu, AuAu and CuCu at /s = 20...200 AGeV

= RHIC Il will improve detectors for rare processes and enhance
statistics

= LHC at CERN

=S Will collide PbPb at /s = 5500 AGeV also pPb or dPb (under
discussion) at /s = 8200

N ALICE is a dedicated HI experiment

= CMS and ATLAS have own programs of heavy ion collisions

\_ J
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Initial state of the system
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e : .
_ The nuclear structure at high energies
>

= We want to know the structure of the colliding system at
high energies - and eventually the initial state of the medium

\_ J
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e : .
_ The nuclear structure at high energies
>

= We want to know the structure of the colliding system at
high energies - and eventually the initial state of the medium

= Let us start by a simpler one: dipole-nucleus collision
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High-energy variables

\_

= Light-cone variables

xi:xoixg

= So that, the scalar product
1

p-r=—(pta” +2 x

2

= Rapidity

pE = po £ p3

+)—PL'X¢
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4 . . . . . .
_ Particle propagation in matter: Eikonal limit
z

= At high energies — Eikonal approximation £ > k,

(18) = Wpala) )

X

= Particle does not change = The medium rotates the color
its direction of propagation of the probe

W(x) = P exp {i/dzTa’A;r(x, z)} Wilson line

= Recoil is neglected — medium is a background field

[See e.g. A. Kovner Lectures Zakopane 2005]
g J
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4 . . . . . .
_ Particle propagation in matter: Eikonal limit

~

-

= At high energies — Eikonal approximation £ > k, S-matrix

e
(18) {Wsa)p) )

—
X

= Particle does not change = The medium rotates the color
its direction of propagation of the probe

W(x) = P exp {i/dzTa’A;r(x, z)} Wilson line

= Recoil is neglected — medium is a background field

[See e.g. A. Kovner Lectures Zakopane 2005]

.

_/
~

_/
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A simple dertvation

Multiple potential scattering [See e.g. A. Hebecker Phys. Rep. 331 (2000) 1]

p p

'

>

1
/d4ng'u(:L‘) exp{ix(ki — ki—l—l)} kZQ 1 e

Potentials Propagators
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A simple dertvation

Multiple potential scattering [See e.g. A. Hebecker Phys. Rep. 331 (2000) 1]

p p

'

>

The contribution of two scatterings to the S-matrix is

d4]€ . i r_

Sg(p,,p> :/(277)4 {—Zg(k'u +p;)/d4x2AM(x2)e 2(p k)}
)

k2 + ie

{—ig(pu + ku) /d4x1AM(x1)eixl(k_p)}
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A simple dertvation

(

\_

Multiple potential scattering [See e.g. A. Hebecker Phys. Rep. 331 (2000) 1]

p p

'

>

The high-energy limit (p,. — oo) gives

d’k |
SQ — 2775(p£|- _ p—i—)2p—|—/ (27.‘.)2

X exp {ikJ_(le_ — X2¢)} exXp {i(XszzL - XlJ_P1J_>}

J
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A simple dertvation

(

\_

Multiple potential scattering [See e.g. A. Hebecker Phys. Rep. 331 (2000) 1]

p p

'

>

The high-energy limit (p,. — oo) gives

d’k |
SQ — 2775(p£|- _ p—i—)2p—|—/ (27.‘.)2

x exp {ik| (x11 — x21 ) }}exp{i(xX21 P21 —X1.1P11)] [Ex. check these formulas]

S = /d2XLez‘XL(plp¢>[PeXp{Zéq/da;jLA(ij,azL)}J

J
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[ Particle propagation in matter II: the dipole
B

= Each propagation is a Wilson line at
the relevant (fixed) transverse position

W(x) = Pexp [z / de~ AT (x, x)]

= So, the S-matrix
o 8) = Sarpraplas B) = Wara(x0)Wh 5(%1)]a; )

= Total probability of interaction (cross-section w/ needed factors)

Pl = (2= T W)W (,)] )

[EXx. check these formulas,
use e.g. the optical theorem]
g W,
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- What are the {...) ??

-

= All the medium properties are encoded in the medium-averages
of the Wilson lines.

= Several prescriptions used

~N Saddle-point approximation — opaque medium, many scatterings

%Tr (W(xL)WT(xL1)) ~ exp {_;Qsat(x_l_ - XL)Q}

\_ J
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_ What are the (...) ??

-

All the medium properties are encoded in the medium-averages
of the Wilson lines.

Several prescriptions used

~N Saddle-point approximation — opaque medium, many scatterings

1 1

ST (W)W (%)) = exp {—SQSMXL = XL)Q}

~N Opacity expansion — small medium, few scatterings

%Tr <W(XJ_)WT(3_(J_)> ~1- /dm_n(a:_)a(XL —X)

\) [See e.g. Kovner and Wiedemann, PRD64 (2001)114002;
A. Hebecker Phys. Rep. 331 (2000) 1]

G

J

Zakopane, June 2007 High-density QCD in heavy ion collisions 12




- What are the {...) ??

-

All the medium properties are encoded in the medium-averages
of the Wilson lines.

Several prescriptions used

~N Saddle-point approximation — opaque medium, many scatterings

used here
[;ITI‘ <W(XL)WT(}_(L)> R eXp {—;Qsat(XL - XL)Q}]

~N Opacity expansion — small medium, few scatterings

%Tr <W(XJ_)WT(3_(J_)> ~ 11— /dx_n(aj_)a(XL —X)

\) [See e.g. Kovner and Wiedemann, PRD64 (2001)114002;
A. Hebecker Phys. Rep. 331 (2000) 1]

\_
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C All together: the gluon distribution
;

The dipole ‘counts’ the number of gluons, of a given size 7,
in the nucleus, so the (unintegrated) gluon distribution:

d?r

27TT2 eir.kN(,r)

R A I O

[up to logs: McLerran, Venugopalan 1994]

Two important consequences:

N Saturation scale cuts-off the
small momentum region

N Geometric scaling:

¢ — gb(kQ/ant)

\ J
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4 . . . . .
5 Saturation of partonic densities: picture
E

Saturation scale when interaction probability becomes O(1)

\_
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4 . . . . .
5 Saturation of partonic densities: picture

-

\_

Saturation scale when interaction probability becomes O(1)

transverse area of the gluon

1/

s —— AN, (z,QZ,,) ~ TR

2 sat
sat

transverse area of the nucleus
RA -~ A1/3

J
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4 . . . . .
5 Saturation of partonic densities: picture
;

Saturation scale when interaction probability becomes O(1)

transverse area of the gluon

1 / 2 2
Xs TANQ(':U7 Qsat) ™~ 7T}zA
sat

transverse area of the nucleus
> RA -~ A1/3

increasing energy (decreasing x)

QCD Fits
W(H1 +BCDMS§ total uncertainty

M (H1+BCDMS) exp. + «, uncert.
[1(H1+BCDMS) exp. uncertainty

1/3 N\ D
— QQ ~ A i \
sat 33>‘ \

Strong fields and large occupation numbers.

Semiclassical approach possible:
Color Glass Condensate

H1 Collaboration

' N | ' N |
1074 107> ~

\_

Zakopane, June 2007 High-density QCD in heavy 10n collisions 14



Geometric scaling in lepton-hadron data

-

All lepton-proton data with
x <0.01 only function of

o Q2 . 5 33_>‘
p 2 sat 2
sat RO
Stasto, Golec-Biernat, Kwiecinski 2001
Scaling in lepton-nucleus

a""(mb)

(mb)

2
A

-+ C (E665)
e Ca (E665)

-« Pb (E665)

-+ (NMC)

/R

2
P

1/6
2
2 A= 2 ARP
sat,A = ¥sat,p 2
RA

A~0.3 6~0.8

Ratio xR

Exercise: Check this scaling for BK eq. Help:

ol Q%) = [ & /dzmﬂ Pl (x,a).

[see Phys. Rev. Lett 94 (2005) 022002]

\
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Geometric scaling in lepton-hadron data

(

All lepton-proton data with
x <0.01 only function of
Qo ot

Ty = : =
p 2 2
sat RO

1

Stasto, Golec-Biernat,

1
Scaling in lepton-i A3s

~ 365)
"665)
2 A2 ’ 517)‘ "665)
sat,A — “<Ysat,p MC)
Z A7 UV“\/IC)
\ \
1.6

A~ 0.3; §~0.8 1.4

Exercise: Check this scaling for BK eq. Help:

aTL(a; Q )_/ /dsz Lol (r, ).

[see Phys. Rev. Lett 94 (2005) 022002]

\_
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4l . . . . . .
s Multiplicities and geometric scaling
;

V3 (GeV/A)

Multiplicity = number of produced
particles

Assuming the same scaling for
particle production in AA
collisions

1 dN44 N I |
— Nar/s N 39, . 0 50 100 150 200 250 300 350 400
N d ! part
part n Npoﬁt
n~0 ‘
5500

N Energy and centrality
dependence fixed by
lepton-proton/nucleus data

dNZ/dn/Noen/ 2

Exercise: Check this formula. Use

dN;AB as 2 2 2 1
W X E/d koa(y,k™,b)oB (ya(k_pt) ,5)1
[see Phys. Rev. Lett 94 (2005) 022002]

[More in Wit Busza’s talks]
\_ _J
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Characterizing the final state:
Hard Probes
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[ Hard probes

-

Remember, asymptotic freedom as(Q*) -0 for Q* —

> A typical hard cross section expands in powers of as(Q?)

h
o
x1 P

x2 P

N

Long distance Short dist. Long dist.

N\,

N\ N\

gAB—=h — Neoll }A(fbl, Q2) X fB(ZCQ, QQ) ®;(x1, L2, QZS X b(z, QQ)

Long and short distance separation: factorization

(Extension of the medium modifies the long distance parts)

\ J
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C Hard probes in heavy-ion collisions

-

\_

SPS /s =20 GeV (Q ~ 1 GeV) — marginal access to HP
RHIC /s = 200 GeV (Q ~ 10 GeV) — access to HP
LHC /s = 5500 GeV (@ = 100 GeV) — HP and QCD evolution

—h 2
o’ - fp (71,Q7) 332» 5131,3?‘27

QCD — field theory — quantum corrections (evolution equations)
(Q?> > 1 = short distances

N But we want to study extended objects
— QCD-evolution in long-distance parts f,(z, Q) and D(z, Q?)

Zakopane, June 2007 High-density QCD in heavy 1on collisions
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-

A ‘simple’ example, .JJ /W suppression

A J/W is a cc bound state.
oMY = fi(21, QP)@ (w2, Q)R T (w1, 20, Q*)(O([ce] — J/W))
The potential is screened by the medium

=8 The long-distance part is modified (O([cc] — J/¥)) — 0

The J/W production is suppressed [Matsui, Satz 1986]

V(1)
vacuum

[
|

r

medium

\_
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A ‘simple’ example, .JJ /W suppression

A J/W is a cc bound state.
oMY = fi(21, QP)@ (w2, Q)R T (w1, 20, Q*)(O([ce] — J/W))
The potential is screened by the medium

=8 The long-distance part is modified (O([cc] — J/¥)) — 0

The J/W production is suppressed [Matsui, Satz 1986]

V(1)
vacuum

[
|

r

medium

\ J
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( Ettects on high-p; particles

-

Raa =

Au+Au\[s = 200GeV, 0-10%

3
i

1.8~
1.6

1.4:—

dNAA/dpt

Ncolldep/dpt

1.2f
1t
u.af
u.af
0.4 :

0.2f

0-10% central events

S
PH ENIX

PHENIX preliminary

o1’
-1
-=dir. pho

‘4

ﬂ_lll Ll i L | I | | Ll i -] Ll

18 20
pT(GeVic)

(Photons don’t interact (no effect) quarks and gluons do (suppressionD

J
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( Efttects on high-p; particles

s
dNAA/dpt
Ncolldep/dpt

Raa =

Au+Au\[s = 200GeV, 0-10%

3 1.8

o
1.6

0-10% central events

PHENIX preliminary

o1’
-1
-=dir. pho

1.4

]

1.2

Calibration

-.l.{

L N T
] | ) ‘ ] | * | I *I+
SISV | .

| I i | i
18 20
pT(GeVic)

8 10 12 14 16

(Photons don’t interact (no effect) quarks and gluons do (suppressionD

J

21




- What is a jet (naively)

-

\_

J
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- What is a jet (naively)

(

\_

high-pt partons
produced with
large virtuality

e

F

(this is the short
distance part)

Zakopane, June 2007
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What 1s a jet (natvely)

-

\_

virtuality is
reduced by
gluon radiation

e

J
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What 1s a jet (natvely)

-

\_

virtuality is
reduced by
gluon radiation

these radiated
gluons form a
cone: jet

J

Zakopane, June 2007

High-density QCD in heavy ion collisions 22




C Jet quenching
B

What happens when this evolution takes place

. in the medium created in the collision?? )
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4 . . . .
. Medium-induced gluon radiation
;

Compute gluon bremsstrahlung
in a medium

E E High energy approximation
X X X X

E>w>k,
Same formalism as initial state but Wilson lines for gluons

%Tr (WAL )W (L)) =~ exp {_1CjL(XJ_ - P_CUZ}

e
[}

4

wdl/dwdk®

o
()
‘

Two main predictions

©

N Energy loss AE ~ a,GL?
N Jet broadening (k;) ~ ¢L

Q
T

J
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4 . . . .
. Medium-induced gluon radiation
E

Compute gluon bremsstrahlung
in a medium

E E High energy approximation
X X X X

E>w>k,

Same formalism as initial state but Wilson lines for gluons

1 _
NTr <WA(XJ_)WAT(XL)> A exp {— |

e
[}

wdl/dwdk®

e ¢
(&N}
T T T

[transport coefﬁcient]
Two main predictions

o
()
‘

©

N Energy loss AE ~ a,GL?
N Jet broadening (k;) ~ ¢L

Q
T

J
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_ Description of the suppression
P

(vac) f—h

do(t A X =N "o @ | Pr(AE, Lg) |@ DY) (2, 13)
f

PHENIX n°
STAR h

PHOBOS h
BRAHMS h

Multiple emission:
§=5GeV ¥im Poisson distribution

| 4=1015GeY Iim Hadronization in vacuum
20 25 .
P, (GeV) at high-p;
[Eskola, Honkanen, Salgado, Wiedemann (2004)]

Data favors a large time-averaged transport coefficient

GeV?
G~5.. . 152

SRR

[Gyulassy, Levai, Vitev 2002; Arleo 2002; Dainese, Loizides, Paic 2004; Wang, Wang 2005; Drees,
Feng, Jia 2005; Turbide, Gale, Jeon, Moore 2005...]

\ J
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Calibration of the probes

proton-proton

M. sscher

T
STAR preliminary

-

- STAR Data .
NLO KKP FF PHENIX, B. Sahimuller
MLO Kretzer FF

—&— PHENIX PRL 91, 241803
MNLO calculations by W. Vogelsang

Ed’aldp’ [mb GeVic?] W
Rda

LT
o000
11,

o A S —y
W = N &~ O

@A

_._|

. .
¢ 1
i

rrrrfreref b rerefreref s

nucl-ex/061 0036

s

Rda
&

2005 p+p
P ——
—+ statistical errors

0.2

Lo b b
—h —
- N B

=>III|IIH|I|III|III|I|EIII||
I 1 3
%
L]
[ 1
iz I

-0.2

A

o
o

total systematics # NLO KKP FF

O NLO Kretzer FF === KKPp=2p,
<. KKP.u =2

1.5

1
0.5
0
-0.5

T R R e R LI Measures Cronin, initial state effects

Py

8 10 12 14 16
pr(GeV/c)

N
i~

STAR gearing up vy, 70 in p+p, d+Au
Good agreement with NLO pQCD and PHENIX
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Calibration of the probes

deA/dpt
- Rix =
ussc:herPrOton PI’OtOI’\ 4 Ncolldep/dpt

T
STAR preliminary
q T T T T T T T T T

&  STAR Data I-U".G PHEN'X, B. Sahimuller

NLO KKP FF
MLO Kretzer FF
—&— PHENIX PRL 91, 241803 1 .4

MNLO calculations by W. Vogelsang 1 2

M.

-

Ed’aldp’ [mb GeVic?] IJ

LT
o000
11,

Abundant and o

2005 ptp | calibrated probes|  me-exoeioos

point-to-point syste
—+ statistical errors

T
L]
1
ot

_._|

s

-0.2

total systematics ® NLOKKPFF 3

E . © NLO Kretzer FF === KKPR=2P 3
1E O <. KKP.u =2

T I "2 476 8 10 12 14_16
_ e - pr(GeVrc)

1.55

of
0.5

A B R S Measures Cronin, initial state effects

STAR gearing up vy, 70 in p+p, d+Au
Good agreement with NLO pQCD and PHENIX
Zakopane, June 2007 High-density QCD in heavy ion collisions 26

[Marco van Leeuwen QMO06]




Jets in HIC

ALICE @ LHC
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Jets in HIC
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e . .
_ RHIC: two particle correlations
B

dtAu . Au-+Au, 20-40% Au+Au, 0-5% Tran sverse plane

trigger particle

)
O,

9> (cosseyd>¢ > (oosse)d>¢

| STAR Preliminary ]

9< (olosse)ld

. . . .
A associated particles

[STAR 2006]
\_ J
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: Removing the cut-oft at RHIC

(

\_

[Similar results for PHENIX and also SPS (Ceres)]

3. O <p,"9<4.0GeV/c 4.0 <p,"9<6.0 GeVic 6. O < p g < 10 O GeV/C

Nontrivial angular dependences in the away-side
~N Large broadening

aSSOC

N\ Two-peaks when pirig ~ Dy
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: Removing the cut-oft at RHIC

(

\_

[Similar results for PHENIX and also SPS (Ceres)]

3. O <p,"9<4.0GeV/c 4.0 <p,"9<6.0 GeVic 6. O < p g < 10 O GeV/C

Nontrivial angular dependences in the away-side
~N Large broadening

asSOC

N\ Two-peaks when pirig ~ Dy

Zakopane, June 2007 High-density QCD in heavy 1on collisions




Two opposite assumptions:

— All energy deposited in the medium
+hydrodynamical evolution
— Recoil-less medium-induced radiation

Zakopane, June 2007 High-density QCD in heavy ion collisions 30



Two opposite assumptions:

— All energy deposited in the medium
+hydrodynamical evolution
— Recoil-less medium-induced radiation

A way to understand the
energy deposition in the medium

Zakopane, June 2007 High-density QCD in heavy ion collisions 30
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Interpretations...

Shockcwaves in hydrodynam medium

trigger jet

> A hydrodynamlcal medium produces shock waves IF the energy is

0.2

deposited fast enough

[Casalderrey-Solana, Shuryak,

Teaney; Stoeker; Muller, Renk, Ruppert;
Manuel, Mannarelli ...]

. | ® PHENIX data
— ally

— lyl>2

— 2>1lyl>0.5

- |— 0.5>1yl>0

e
=
W

0.1

A aN™ (di-jetyd (Ag)

= Also Cherenkov radiation proposed o9
[Dremin; Majumder, Wang] -

1 I
% 50

Ad
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_ Jet shapes in opaque media

-

G

The probability of only one splitting

CVSCR
167

AP — dzdp 2CR

ST

E L sin6 COSHeXp{—

Y
N

\\\‘\\\[\

~

—h
N

o
(2)
==L

= PHENIX (QM05)

[ J-configuration

Y-configuration |
———- No smearlng ]

50 100 150 200 250 300 350
N

Position of the peaks
(=] =]
£~ (o]

—

o
V)

part

[Polosa, Salgado hep-ph/0607295]

A perturbative mechanism, the medium-induced gluon radiation, is
able to reproduce the observed 2-peak structure in the away side jet.

J
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C The ‘ridge’

-

\_

d+Au, 40-100%

i‘~¢
[Dan Magestro HP04]

vacuum fragmentation

Au+Au, 0-5%

? 4107 Au+Au0-10%
L 460_"""" STARprehmlnary
Gaussian similar to 3 ._

Ridge similar to bulk —

Zakopane, June 2007

Mo

-3

2

3

Near side correlations
gaussiantridge

pt assoc >2 Gev

1.5
1
0.5

0
PRELRON

-1.5 }
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( The ‘ridge’

-

~
J
N

d+Au, 40-100% Au+Au, 0-5% [Armesto, Salgado, Wiedemann 2004]
o - || ||

[m]
| |

gy

"u

) 3 < py(trig) < 6 GeV
(= 2 < p(assoc) < p4(trig)
- -] s
| |

LT .-
0 1

-1
Aq) - ' LuIyyoi-
[Dan Magestro HP04]
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4 . A
_ Interpretation of the value of ¢

\_

-

&
H
N
N
>
0
Y
o

[Baier 2003]

1 10
€ (GeV/fm’)

Transport coefficient for an
ideal quark-gluon gas

. 72
(ideal gas ad ?f(B)CﬁTS

[Baier and Schiff 2006]
Fits to the data

Cj > 5 indeal gas [Eskola et al. 2004]

Cj ~ 4.2 indeal gas [Renketal. 2007]

Geometry plays a crucial role

Model of the medium? sQGP?

J
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_ Interpretation of the value of ¢
E

> Transport coefficient for an
I e ideal quark-gluon gas

. 72
(ideal gas ad ?ﬁ(B)C)‘?TB

[Baier and Schiff 2006]

Fits to the data

( A A \
g > O (ideal gas |[Eskola et al. 2004]

&
H
N
N
>
0
Y
o

Cj ~ 4.2 indeal gas | [Renk et al. 2007]
. _J

[Baier 2003]
B > Geometry plays a crucial role

Model of the medium? sQGP?

€ (GeV/fm’)
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4 . A
_ Interpretation of the value of ¢

\_

-

Transport coefficient for an
I e ideal quark-gluon gas

[Baier and Schiff 2006]

Fits to the data
( )

&
H
N
N
>
0
Y
o

Cj ~ 4.2 indeal gas | [Renk et al. 2007]
1\ _J

[Baier 2003]
B Geometry plays a crucial role

Model of the medium? sQGP?

€ (GeV/fm’)

What is the order of magnitude of the NLO correction?

. 72
(ideal gas ad ?6(3)05?1_6

q > 5 indeal gas |[Eskola et al. 2004]

J
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Some new developments...
The String Theory connection
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 The AdS/CFT correspondence

-

= Define a metric in 4+| dimensions
with a black hole

7“2

1
ds® = fdt* + — (dx} + dx3 + dx3) + ~dr?
R2 1 2 3 f

AdS;—Schwarzschild
WS ) black hole

horizon at 7 = 1

= Dual to a thermal A/ = 4 super YM theory at finite temperature

0

T = 2 (Hawking temperature)

= Ex.compute the Wilson loop = compute the action for the string
1

W (C)) =e5©) S = / dodT/detgag

2o
\_ ,
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C The observables

Applied to the jet quenching parameter:

= 4.5, 10.6, 20.7 GeV?/fm

T = 300, 400, 500 MeV
[Liu, Rajagopalan, Wiedemann; Armesto, Edelstein, Mas...2006]

(WA(C)) ~ exp

quL ]

4\f

The viscosity-to-entropy ratio

M 1 n o area of horizon

— = - : Universal lower bound?
S A7t s o< area of horizon

[Kovtun, Son, Starinets 2003]

The hydrodynamic behavior

N Bjorken hydrodynamics recovered (and more)
[Heller, Surowka: seminars; Janik, Peschanski 2006; Kovchegov, Taliotis 2007...]

Shock waves; heavy quark energy loss; bound states....

[Gubser; Herzog, Karch, Kovtun, Kozcaz, Yaffe; Casalderrey-Solana, Teaney.... 2006]

\_

J
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New regimes at the LHC

Annual hard process yields

—
—
S

............ [PJaCObS,MVanLeeuwenzoes]
| Pb+Pb minbias, 5.5 TeV

>pr)

[Eskola et al 2003]

LHC S

PA ’
pji fromHQ /DY ¢ LHC,pA  RHIC/ LHC, Ap

S HQ S pA s DY

:.’ o) N :.

orp
2

binary scaling from p+p

min

E
[
<

%

L=0.5 mb's™"; 1 year=10° s

T IIIIII|
Annual Yield (
T IIIIIII| T IIIIIII|

A Jets: N. Armésto
7% 1. Vitev
H : prompt y: hep-ph/0310274 :
y+jet: C. Loizides
10-5 10—4 10-3 10-2 10-1 100 | ; 5 : Z+jet: F. Maltoni + J. Campbell | :

x 50 100 150 200 250 300 350
EXi" (GeV) orpp (GeV/c)
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New regimes at the LHC

-

R H ’ C Annual hard process yields

[Eskola et al 2003]

||||||| T |||||||| T |||||||| :.I |||||||| T .I:Illllll
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Ny S e " pA [
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||||||| 1 1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 L1 1111l
10°  10* 100 10 10" 10°
€X
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Pb+Pb minbias, 5.5 TeV

binary scaling from p+p

E

L=0.5 mb's"'; 1 year=10° s

Annual Yield (

“Jets: N. Armesto
7°: 1. Vitev
prompt y: hep-ph/0310274
: : : y+jet: C. Loizides :
10? ‘ ' : Z+jet: F. Maltoni + J. Campbell | :

|
II|IIII|IIII|IIII|IIII|IIII|IIII
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C New regimes at the LHC

(

[Eskola et al 2003]

Emin ‘

Fic Sunt
Leones

Hic Sunt
Leones

Annual Yield (

150 200 250 300 350
ETi" (GeV) or py = (GeV/c)
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R
_dummary
-

HIC to study collective properties of fundamental interactions
Initial state probably dominated by strong color fields

~N Semiclassical approach

N Hints from experimental data - definite checks at the LHC

Hard Probes ideal tools to characterize the medium

N Jet quenching: Medium modification of jet structures

~N Interplay between hydrodynamical behavior and jet development
Different fields are contributing to these developments
M String-theory computations (try to) face experimental data

LHC will explore completely new regimes of QCD

\ J
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