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|. Introduction: hard probes and the medium at RHIC.

See the talks by |.

2. Elliptic flow. Edelstein, A. Buchel,

H. Caines, J. Jalilian-
3. Hard probes: jet quenching, Marian, G. Paic and
quarkonium suppression, photon and S. Brodsky, and the

thematic session on
Relativistic Heavy
lons; see also the

4. Perspectives for the LHC. talks at ZI_(l)%rgd Probes

dilepton production.

5. Summary.
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Fundamental Interactions

Searches — Higgs, SUSY, =————p enelpgc;ila:r?sity

extra-dimensions... freeze-out
simple systems
hadron gas
) : ' 27
Collective properties Increase mixed phase?*
of the fundamental — =—————) extended QGP

interactions energy density

production and ther-
malization

“less simple” systems

Accelerator Collisions , :
whose goal is the understanding
SPS Pp to PbPb at of through the study
Ecm=17-30 AGeV of systems with
RHIC pp to AuAu at Using
Eem=20-200 AGeV , high densities lead to
pp to PbPb at quasi-free partons:

LHC Ecm=5.5-14 AleV

Hard probes in HIC at RHIC: I. Introduction. 3




asqtad: N=6 —=—

_ T [MeV]
]
100 200 300 400 200 G600 700 100 200 300 400 200 600 700 800

(0lgrqr|0) #0  ——  (0|qLqr|0) =0

Until very recently,
simulations for
1=0. See Schmidt at

HP2008.
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Signatures which would allow to identify the medium created in
URHIC with a phase of matter built of quasi-free partons:

|) Signatures from the medium itself (soft, momenta ~ T):

@ Thermalization/collective behavior: , thermal
photon/dilepton emission, statistical hadronization.

@ Chiral-symmetry restoration: strangeness enhancement,
broadening of resonances (p).

o Phase transition: fluctuations.

2) Probes whose comparison measured/expected (in perturbative

QCD - p>>Aqcp, T; ) characterizes the medium:
.- : quarkonium linear
potential becomes Debye screened.
o Suppression of high energy particles:
Hard probes in HIC at RHIC: I. Introduction.



Signatures which d: fast color triple - dium created in

gluon

URHIC with a pha s PSR partons:
>
. (): slow color triplet Encrov
|) Signatures from — > "¢ IRk

“ “ bar: slow color

@ Thermaliz s S , thermal

photon/dilept )nization.
I C h | ral _ S)’ Virtual photon: colorless ngS en h anceme nt,

Controls

o Phase tra

Unknown Medium

2) Probes whose compal casuredsex ed (in perturbative
QCD - p>>Aqcp, T; ) characterizes the medium:
.- : quarkonium linear

potential becomes Debye screened.
o Suppression of high energy particles:
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Observable at RHIC Standard interpretation
Low multiplicity Strong coherence in particle production
v2 in agreement with ideal hydro Almost ideal fluid
Strong jet quenching Opaque medium

: the medium created in the collisions is
dense, ~10 GeV/fm?3, partonic and behaves very early like a quasi-
ideal fluid; strong collectivity: . New theoretical developments:

A)
Instabilities, perturbative HO processes, strong coupling phenomena
(studied in N=4 SYM using the AdS/CFT (*) correspondence), CGC.

B) : strong coupling? (*)
C) (%)-
D) .
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2.1. Definition.
2.2.The room for viscosity.

2.3.The role of initial conditions.

See Heinz’s talk at HP2008.
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, is usually
interpreted in terms of a final
momentum anisotropy dictated by an
initial space anisotropy. The most
appealing frame to describe the data is

20 25 30 35 1
P in terms of
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(no viscous corrections), see Heinz et al ‘03
T (z) = (*"’ () + p(z) ) u'(x)u”(x) — p(x) g™

ff},u. J ;u (z) =0, i=1,.... M

With an EOS (5+M variables, 4+M equations), a set of initial
conditions and a hadronization prescription:
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(no viscous corrections), see Heinz et al ‘03

proton/pion I anti-proton/pion

With an EOS (5+M variables, 4+ PHENIX03 T wscore

conditions and a hadroniJn Ioo heary

Au+Au 60-82%

psp, ¥ =53 GeV, ISR
- ¢'¢, gluon jets, DELPHI ]
== g'e’, quark jets, DELPHI

r+m (PHENIX) O p+p (PHENIX)
o 1 (PHENIX) A+ K (STAR)
, K*+ K (PHENIX) = += (STAR)
K2 (STAR) d (PHENIX)
- § (STAR)

-—_Ihﬂl T

PHENIX Preliminary
| 1 1 1

0 2

KET:1/pC2F_|_m2—m KETf’nq EGE"J}
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Hydro is initialized when outgoing

reaction

) A particle
thermodynamical equilibrium plane lore momentum
(isotropization) is achieved: very soon, [n this direction

to produce more particles in the
direction where there was less matter
—

o CYM.m=02GeV
e CYM m=05GeV
Glauber, NF -

7| == = Glauber, N__

are a key
ingredient in those calculations. CGC
gives larger eccentricity: room for
viscosity or larger equilibration times.
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Hydro is initialized when outgoing

reaction

) . particle
thermodynamical equilibrium plane {lore momentum
(isotropization) is achieved: very soon, {n this direction

to produce more particles in the
direction where there was less matter

Data suggest n/s~<0.1, while pQCD gives ~0.5:
quasi-ideal fluid, strongly-coupled QGP.

Glauber, N___

- part
“| == == Glauber, N::ﬂ]:
e =+ KIN.Q ~N

" part

are a key
ingredient in those calculations. CGC
gives larger eccentricity: room for

viscosity or larger equilibration times.
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3.0. Benchmark. 4. fast color triple L

g luon

¢: fast color octet radiation ?

-I—..____}
U: slow color 1["1['1][:1 :
—’_.__-——-—‘—) Energy
| 0SS -.r

3.1.)et quenching.

U U bar: s ]1_'1 w color

3.2. Quarkonium suppression. inglt oct

[ :}] ssoclation 7

Virtual photon: colorless

3.3. Photon and dilepton e Counk
. Real photon: colorless
production. |

| will touch small-intermediate Unknown Medium
pT (< 6 GeV/c) very briefly.

Hard probes in HIC at RHIC.



® The usual tool to
compute particle

production is
(for

Q~Ecm>>AacD): Quantum evolUtion

® - no medium,
QGP or not - to parton densities and
fragmentation functions

® Nuclear effects usually discussed

through the ratio measured/expected:
=1 in

absence of nuclear effects.

Hard probes in HIC at RHIC: 3. Hard probes.
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Valence Sea quarks Gluons

Ratios for gluons and Pb nuclei Ratios for gluons and Pb nuclei Ratios for gluons and Pb nuclei
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ALICE+CMS reach in 1 yr. pA(Ap) collisions

[ Jets =]
o EKSO8 = HRNOLO) 1 Photons [

14 ~—— epsos —— nDS (NLO)
1.0 -

&
r
’
*
*
-
-

Ratios for gluons and Pb nucle Ratios for gluons and Pb nuclei

T IIIIII| T T IIIIII| T T IIIIII| T T TTTTIT
F === EKS08 = HKN (NLO)
14 — EPsos —— DS (NLO)

12
10

B Hadrons @

0.8
0.6

> 08|
5 06|
04 |
02 |
00

04

02
00

_ . - - A =208 Q2%=10* GeV?
A=208 Q%=1.60 GeV? o Rl A T RN

10° 10 10° 10° 10!

02

4 10° 107 107!

10” 10 .

Present
DIS+DY

Constr: : data/

I IIIIII| Fr AL IIIIII|

35 are very approximative...
e general for other analyses]

Constre 10 10* 10° 102 10 A

X v

Assumptions AfP

[/

1

- E

Hard probes in HIC at RHIC: 3. Hard probes.



Medium-modified
gluon radiation

P d S R T through
N interference of
production and
rescattering.

define the medium: ghat or gluon density plus
mean free path, and length (geometry, dynamical expansion).

Hard probes in HIC at RHIC: 3.1. Jet quenching.
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not conclusive:
benchmark (Armesto et al
‘05), hadronization (Adil
et al ‘06), collisional
(Djordjevic et al '06, Ayala
et al ‘06), resonances (van
Hees et al ‘06), dynamical
medium (Djordjevic et al.

‘08),..

Hard probes in HIC at RHIC: 3.1. Jet quenching.

A d4Au min bias
O Au+Au 20-40%
2 AuAu QB

z; = p,(assoc) / p,(trig)
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STAR Au+Au Central
STAR Preliminary
Mew Cu+Cu Rasult
STAR Prelimimary

— — — —r
B 4= T m [
T T

SN AR d+Au l J'
B w I

not conclusive: ket
benChmark (ArmeStO et a.l = 1':_ STAR AusAu MinBias

Q.8 — STAR Preliminary

‘05), hadronization (Adll 085§ PHEND(p+p PPHENX AusAu

et al ‘06), collisional N3
(Djordjevic et al 06, Ayala e wsmrcetien
et al ‘06), resonances (van b
Hees et al ‘06), dynamical
medium (Djordjevic et al.

‘08),..

Cross Section (o_.) [mb]

MLD Frewlon {Mew)

M wer Bound (Mew)

0.6 0.8

Hard probes in HIC at RHIC: 3.1. Jet quenching. R ® 1= pfassooy o ig)
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The extracted value of
| <ghat<I5 GeV?/fm = interface with realistic medium

(TECHQM).

Calculations done in the high-energy approximation:
, energy-momentum conservation imposed a
posteriori = Monte Carlo.

(BDMS 0l),
independent (Poissonian) gluon emission: assumption! =

Monte Carlo (PQM, PYQUEN, YaJEM, [EWEL, Q-PYTHIA).

No role of in medium emissions; medium and
vacuum treated = modified DGLAP evolution

(GMW ’01, Salgado et al '06,Armesto et al ‘07).

Hard probes in HIC at RHIC: 3.1. Jet quenching.
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® Starting from a trigger, and increasing the pt for the associate, we

go from a to nothing to a reappearance of
the backward peak (tangential emission).

o : Mach cone (Stocker et al, Shuryak et al), Cherenkov
gluons (Dremin, Koch et al), radiation (Salgado et al,Vitev),...
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e A structure, elongated along N=-In tg(0/2), appears in the near side
of a trigger, called the .It can be divided in and

3 < PTtrig<4

| ® The‘jet’ structure is jet-like (pp) in
gy STAR Praliftinacy composition and transverse

£ 460
# 450

momentum spectrum; the shoulder is

430
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e A structure, elongated along N=-In tg(0/2), appears in the near side
of a trigger, called the .It can be divided in and

First results appeared in HP2008!
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® From 's proposal (‘86), the suppression of QQbar
bound states plays a central role in the discussion of QGP

formation.

° due
to the free color charge
in the plasma modifies
the linear part of the
QQbar potential.

"

&k E&E &E Z X 5 3K E F
alk

0667, —e—
080T, —m—

Hard probes in HIC at RHIC: 3.2. Quarkonium suppression.
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o : 60-80 % of )/psi produced with more charm (Belle,
BaBar): higher orders in NRQCD?, additional mechanlsms

(Kaldalov 03) i .Itll ale uncertainty- 10.1% Global scale uncertainty: 10.1%
T s ™ :L*;';ifi?ﬁ ] T K s
o : polarization puzzle goes on: iR PN

NRQCD? (Nayak et al '05, Lansberg ‘08).
® pA:smaller absorption at RHIC than
at SPS, negative x¢ (HERA-B).

HERA-B prelimiiuu'y F864 u 86V Be/Fe/W -3

. W+
(dimuon channel, | Fof ), 8.8 eV [,e,( u W
carhon+fmgsten '

-‘J - Kopeliovich
EKS 3mb (Vogt)
- EKS 1mb (Vogt)

FGS 3mb (Vogt)

4
dnH Wite runs) : _'l'l"’.+.

ertors st st donly | NAy 1220 GeV /Pt +
| g

04930207 0 040203 040506 07 08 AT
Hard probes in HIC at RHIC: 3.2. Quarkonium suppression.
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e At RHIC,

. Nuclear modification factor
? FPHENLX, Au+Au, I}rl-_[I.FIE.E.II]. iﬂj"’.-"u syst.
expected from a density effect. o NASD, PP, 0yet s 1oy

! .J-J_ ] 0 NA3EB, S+U, O=<y=<1, = 11% syst.
[ 7

RS, B, 00 e
RN, PP, 18 S

NS, Inodn, 198 D -

RS, Iredn, 192 Sxv 50 100 150 200 250 300 350 400

part

Hard probes in HIC at RHIC: 3.2. Quarkonium suppression.
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(but see Mocsy et al ‘07).

[I]EI]II]_

AN Y LY Ap v Y XY

® Other explanations rely on dissociation + bbb i
of Q’s and Qbar’s in a -

deconfined medium, eventually combined

with shadowing (Andronic et al '05, Thews

et al '05, Tywoniuk et al ‘08).

oty EEEMIY | yj=0.35)

C=0.59

s = 200 GeV

o may also explain the

larger suppression at higher rapidities
(Ferreiro et al ‘08, Kharzeev et al ‘08).

0 20 100 130 200 230 300 350 400
”parl:

Hard probes in HIC at RHIC: 3.2. Quarkonium suppression.



works very well for photons with pt>1 GeV/c.

exp + TAA scaled pp

& 4 ApAu MB x10°
6 & AuAu020% x10? initial state

raywrryrall cffects and quenching for photons
v ep from fragmentation.
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Treermal phcione: Auela - » X [0=10% ceniral]
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4.:11:-17:5 In-In SemiCentral Rann/Wambach .
3500 allp, sown/Rho ® sees an excess in the
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Hard probes in HIC at RHIC: 3.3. Photon and dilepton production.

T region |<M<I.5 GeV/c? which is not
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4.1 .What is new!?

4.2. Predictions for multiplicities.
4.3. Predictions for elliptic flow.
4.4. Predictions for Raa.

See Last Call..., arXiv:0711.0974.

Hard probes in HIC at RHIC.
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Abundant yield of hard probes (Yellow Report m P Jacobs

‘04); reconstruction of higher quarkonium E¥— N
states, and of D (B) = |
MesSons. “

Pb-Pb, 0-5%

T=

1 L=0.5 mb's"; 1 year=105 sl

= 25--100 GeV?/fm

(o
~1

Annual Yield (E_>E™
2

—
=]
™

p, [GeV/ c]

Possibility of jet reconstruction and study of PN . Rl

prompt : hep-ph/0310274

jet shapes: check of the eloss mechanism.
150 200 250 300 350
, i Eaw Ep" (GeV) or g™ (GeV/o)

4 +jet: C. Lolzkles g
g Z+jet: F. Malttonl + J. Campbell §

50 GeV jet (Pythla) + central Pb+Pb background (Hijing)
Hard probes in HIC at RHIC: 4. Perspectives for the LHC. 28



Saturation models

Albacete at HP2008

dN,/dn (n=0)
" Running coupling evolution
\_1 power-law extrapolation A E0.2+0.3

& Au-Au 0-6% central RHIC data
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nt (S=117 fm®) ——
p (Sg=117 fmS)

® With respect to RHIC, v; at fixed
pT decreases, but pr-integrated v; | e
increases, though in ideal hydro less dNer/dy(b=0)=1200

than naive expectations (Borghini et
al ‘07).

b=7 fm

® These trends remain if a fixed | AnkAn, min. visc
viscosity is considered (MPC) 15 fﬁzﬁf@
(actually the system should become

closer to a gas than at RHIC, and then [N e e

viscosity should increase - so v
decrease even more).

70 = 0.6 fm. b = 8 fm
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prpb(pT=20,5(\) GeVx=0) in central Pb+Pb at \)s=5.5 TeV

Wang et al., ’, 5 % (§~3.35"'°), WW eloss+1d exp., shadowing

RHIC

5
<]
SE€ |

Vitev, °, 10 %, GLV+g-feedb.+cold eloss, dN/dy~1.7-3.3(dN “/dy)

RHIC

— form __ form
Pantuev, charged, Npan'350’ Toap=1-2 fM~0.5(t 1)

Lokhtin et al., charged, 10 % (dNCh/d nN~2700), rad.+coll. eloss in MC

Kopeliovich et al., 7°, 10 %, early hadronization

Liu et al., =%, p:ighe3t=40, 10 %, 2<->2 w. conv., transv. exp.

@)
[

Jeon et al., 7°, p:ighe5t=40, 10 % (A=1 fm), BH eloss+QW, A?E=(A?E RHIC

RHIC

Wicks et al., i°, 10 %, rad.+coll. eloss, dN°/dy~1.75-2.9(dN */dy)

T
o
|

I
1

__________________(_)_________________________-______

Qin et al., charged, 10 % (chh/d 1~2500), AMY+hydro, ocs=0.25-0.33

Renk et al., ©°, 10 % (dNCh/d 1~2500), BDMPS QW with hydro evol.

o ..

« RHIC

Dainese et al., 7°, 10 %, BDMPS QW with WS, q~2-7q
Cunqueiro et al., %, 10 % (dNCh/dn~1 500), percolation

Capella et al., 2°, 10 % (dNCh/d n~1800), comovers, kinematics

.8 ___ .
[¢)

0.8 3
NA at QMO0
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Ploplo(p _20 50 GeV,n=0) in central Pb+Pb at \\ =0-0 TeV

\Z X/ : Wang et al., ’, 5 % (§~3.35"'°), WW eloss+1d exp., shadowing
1 Vitev, J'Eo, 1 . . y)

v, RAAiative energy
Lokhtin et loss models
Kopeliovic )

Liu et al., P red I Cts

seon etat SSRAAS 0 1=0.2 and
Wicks et a o . .

| increasing with
Qin et al., ¢

Renk et al. IncreaSIng PT

« RHIC

Dainese et al., 7°, 10 %, BDMPS QW with WS, q~2-7q

RHIC

Cunqueiro et al., x°, 10 % (dN° /dn~1 500), percolation

Capella et al., 2°, 10 % (dNCh/d n~1800), comovers, kinematics

NA at QMO0
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Observable at RHIC

Standard interpretation

Prediction for the LHC

Low multiplicity

Strong coherence in
particle production

dNcn/dN|n=0<2000 for
central collisions

v2 in agreement with
ideal hydro

Almost ideal fluid

Similar or smaller v2(pr)

Strong jet quenching

Opaque medium

Raa(20 GeV)~0.1-0.2 for 10

X

will enlarge our
understanding of Ultra-Relativistic Heavy-lon Collisions: naive

extrapolations tend to disagree with those from successful
models at RHIC (Borghini et al ‘07).
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, respectively.

® [o these claims, much work is demanded:

* : understanding of the mechanism of energy loss through
differential observables; early thermalization and viscous

corrections.

* : heavy flavors, quarkonia and more differential

measurements, both from RHIC-Il and from the

Hard probes in HIC at RHIC.
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4. Summary:

® The standard claims at RHIC is that a very opaque medium is
produced which behaves very quickly like an almost ideal fluid. Both
play a central role in our understanding of non-perturbative QFTs.

®
lo

corrections.
* Experiment: heavy flavors, quarkonia and more differential
measurements, both from RHIC-Il and from the LHC.

® Hard Probes: the control of the benchmark is crucial=pp and pA.
Hard probes in HIC at RHIC. 33



| /2. : static medium.

|. BDMPS:
(Brownian motion).

2. GLV:
corrects Brownian motion.

3. : HTL calculation, dynamical
medium, rates order

4, : FF in DIS on nuclei,
first corrections in

Hard probes in HIC at RHIC: 3.1. Jet quenching.
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Gyulassy et al.’0l,
Salgado et al."02

fixed length <~1| (average)
Woods-Saxon (PQM) 4-14 (average)
dilution increases, factor 2-5
dynamical medium decreases
(Djordjevic et al.)
flow (Armesto et al., Baier
et al.) no effect
hydro (Eskola et al.,, Bass K~3-4, late times

et al.) important

Hard probes in HIC at RHIC: 3.1. Jet quenching.
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